Controls on Phosphorus Export from an Agricultural Watershed: Amsden Brook, Fort Fairfield, Maine USA. by McDonald, Gregory J
The University of Maine
DigitalCommons@UMaine
Electronic Theses and Dissertations Fogler Library
Winter 12-21-2018
Controls on Phosphorus Export from an
Agricultural Watershed: Amsden Brook, Fort
Fairfield, Maine USA.
Gregory J. McDonald
University of Maine, gregory.j.mcdonald@maine.edu
Follow this and additional works at: https://digitalcommons.library.umaine.edu/etd
Part of the Biogeochemistry Commons, Environmental Chemistry Commons, and the
Environmental Engineering Commons
This Open-Access Thesis is brought to you for free and open access by DigitalCommons@UMaine. It has been accepted for inclusion in Electronic
Theses and Dissertations by an authorized administrator of DigitalCommons@UMaine. For more information, please contact
um.library.technical.services@maine.edu.
Recommended Citation
McDonald, Gregory J., "Controls on Phosphorus Export from an Agricultural Watershed: Amsden Brook, Fort Fairfield, Maine USA."
(2018). Electronic Theses and Dissertations. 2940.
https://digitalcommons.library.umaine.edu/etd/2940
CONTROLS ON PHOSPHORUS EXPORT FROM AN AGRICULTURAL 
WATERSHED: AMSDEN BROOK, FORT FAIRFIELD, 
 MAINE USA. 
By 
Gregory J. McDonald 
B.S. St. Lawrence University, 2014 
 
A THESIS 
Submitted in Partial Fulfillment of the 
Requirements for the Degree of 
Master of Science 
(in Civil Engineering) 
 
The Graduate School 
The University of Maine 
December 2018 
 
Advisory Committee: 
Aria Amirbahman, Professor of Civil and Environmental Engineering, Advisor 
Stephen Norton, Professor Emeritus of Earth and Climate Sciences 
Ivan Fernandez, Professor of Soil Science  
 
 
  
ii 
 
 
 
 
 
 
Copyright 2018 Gregory McDonald 
  
CONTROLS ON PHOSPHORUS EXPORT FROM AN AGRICULTURAL 
WATERSHED: AMSDEN BROOK, FORT FAIRFIELD, MAINE USA. 
By Gregory J. McDonald 
Thesis Advisor: Dr. Aria Amirbahman 
 
An Abstract of the Thesis Presented 
in Partial Fulfillment of the Requirements for the 
Degree of Master of Science  
 (in Civil Engineering) 
 
December 2018 
 
This study explores the sources and mechanisms of phosphorus (P) mobilization 
during base flow within the Amsden Brook watershed, Fort Fairfield, Maine, USA. 
Amsden Brook is an agriculturally dominated watershed drained by a spring-fed and 
perennial first- to second-order stream. We characterized the P concentrations within the 
watershed to investigate connections between soils, stream sediment, surface water, and 
groundwater. Waters were monitored monthly during the 2017 snow-free period for 
temperature, pH, dissolved oxygen, conductivity, soluble reactive P (SRP), total P, strong 
acid anions, strong base cations, dissolved organic carbon (DOC), Al, Fe, and Mn. 
Phosphorus speciation within soils and sediment samples was determined by sequential 
chemical extractions. Soil samples were also analyzed by the Maine Soil Testing Service 
after being subject to a Modified Morgan nutrient extraction, the conventional method for 
agricultural soil testing in Maine. 
The emerging groundwater was under-saturated by up to 40% with respect to O2, 
with pH = 7.24, T = 7.0C, and SRP = 3.0 µg L-1. Groundwater PCO2 was 35 ambient 
PCO2 (410 ppm).  Degassing of CO2 from the emerging groundwater resulted in a 
  
significant increase in pH downstream, and an increase in the SRP concentration from 3.0 
to a maximum of 40.6 µg L-1.  
The composition of stream sediment and surface soils from various landscape 
positions were compared and showed that agricultural soils and sediment had a similar 
composition, while surface soils from forested slope buffers were different.  
Laboratory experiments using homogenized stream sediment identified a 
reduction in the P adsorption capacity, and an increase in the desorption of native P with 
increasing solution pH from 7.25 (emerging groundwater) to 8.50 (air-equilibrated 
surface water). These data allowed us to identify the pH-dependent desorption from P-
laden sediment, sourced from eroded agricultural soils, as the most significant source of 
dissolved P in Amsden Brook under base flow conditions.
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CHAPTER 1 
CHEMICAL CONTROLS ON DISSOLVED PHOSPHORUS MOBILIZATION IN 
A CALCAREOUS AGRICULTURAL STREAM DURING BASE FLOW 
1.1. Introduction 
As a limiting nutrient in aquatic environments, phosphorus (P) inputs can have a 
great impact on the trophic status of surface waters (Cooper et al., 2015; Jarvie et al., 
2005). Because of high rates of P fixation in soils, agricultural practices contribute non-
point P pollution to surface waters through soil erosion and overland flow (Gentry et al., 
2007; Sharma et al., 2017). Phosphorus reacts strongly with the surfaces of metal 
oxyhydroxides, especially those of iron (Fe) and aluminum (Al) (Cooper et al., 2015; 
Walker and Syers, 1976). Due to high adsorption potentials, soil and sediment P 
concentrations are significantly higher than those in solution (mg kg-1 vs. mg L-1). Thus, 
equilibrium requires that an increasing solid-phase adsorbed P concentration leads to an 
increase in its dissolved concentration (Sharpley et al., 2013). Further, changes in 
solution chemistry can lead to the mobilization of P previously sequestered on the solid 
phase.  
Groundwater-fed, headwater streams play an important role in material transport 
to the downstream ecosystems (Alexander et al., 2007), and play an integral role in 
maintaining the function and health of river networks (Clarke et al., 2008). These 
headwater streams typically have low dissolved P concentrations under base flow 
conditions. Groundwater-dominated headwaters are also oversaturated with CO2 due to 
high PCO2 in soil air, leading to high concentrations of CO2 in the emerging groundwater 
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(Jones and Mulholland, 2000). As water travels downstream, CO2 degasses to the 
atmosphere and approaches equilibrium with atmospheric CO2, leading to a pH increase 
(Gorham, 1957; Norton and Henriksen, 1983). Changes in the stream pH can impact 
mineral precipitation/dissolution (Dandurand et al., 1982; Diaz et al., 1994; Reinhardt et 
al., 2004), biological activity (Jones and Mulholland, 2000), and nutrient availability 
(Corman et al., 2016).  
Changes in surface water pH impact the ability of sediment to retain P. Even 
small pH changes have a large impact on the P adsorption capacity of stream and lake 
sediments (Detenbeck and Brezonik, 1991; Machesky et al., 2010; Zhou et al., 2005). 
These changes can shift sediment from being a sink to a source of dissolved P in the 
stream. By characterizing the chemical properties of surface waters and sediment, we can 
better understand the fate of P in stream waters. 
Sediment-bound P is normally characterized via sequential chemical extractions, 
which separate different P species based on their reactivity with respect to each extractant 
(Reddy et al., 1999). Extraction schemes typically classify P forms into various 
operationally-defined species, including exchangeable P, reductant soluble P, Fe-, Al- 
and Ca-bound P, and recalcitrant P (Condron and Newman, 2011). A five-step sequential 
extraction scheme by Psenner et al. (1984), modified by SanClements et al. (2009), was 
used to determine the exchangeable P (PNH4Cl) with a neutral ammonium chloride 
(NH4Cl) solution, reducible Fe-bound P (PBD) by a bicarbonate-dithionite (BD) solution, 
P bound to the Al(OH)3(s) and organic carbon (PNaOH) by a sodium hydroxide (NaOH) 
solution, and finally recalcitrant and acid-soluble P (PHCl) by a hydrochloric acid (HCl) 
solution. The operational speciation of sediment P facilitates the understanding of P 
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release dynamics in various environments (Hoffman et al., 2009; Kopáček et al., 2005; 
Machesky et al., 2010; Sallade and Sims, 1997).  
Agricultural activities rank second behind atmospheric mercury deposition with 
respect to the impairment of streams and rivers in total miles in Maine (Maine DEP, 
2016). Sharma et al. (2017) related these impairments to P applications associated with 
potato production in Maine. In 2014 an average of 182 kg ha-1y-1 of P was applied, 
although the recommended rate was 56 kg ha-1y-1 (Sharma et al., 2017). 
Best management practices (BMPs) have been partially implemented for many 
decades to reduce agricultural land use impacts on water quality. Many P reduction 
methods are falling short of their goals due to ‘legacy P’, where a significant lag time 
occurs between the BMP implementation and downstream responses in water quality 
(Jarvie et al., 2013; Meals et al., 2010; Sharpley et al., 2013). Some BMPs may even 
result in unintended consequences. Jarvie et al. (2017) reported an increase in the soluble 
reactive P (SRP) transport to Lake Erie as a result of the implementation of a BMP to 
reduce erosion and particulate P transport.  
Amsden Brook, Maine, USA, drains a watershed with a  100 yr history of 
agriculture, particularly potato production. Maine DEP has recorded uncommonly high 
concentrations (50 g-P L-1) of dissolved P under base flow conditions in various 
agricultural headwater streams draining to the Aroostook River in northeastern Maine 
(Figure 1.1.). In this study we characterize groundwater and stream chemistry, soils, and 
sediments at Amsden Brook, to understand the P dynamics at the sediment-water 
interface. Specifically, we aimed to (a) determine the sources of dissolved P to the 
surface waters at Amsden Brook under base flow conditions, and (b) better understand 
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the mechanism(s) of P mobilization under base flow conditions to inform respective 
governing agencies to ensure proper management practices to reduce impact on water 
quality.  
1.2. Methods 
1.2.1. Site Description  
The Amsden Brook watershed in north eastern Maine, USA, is underlain by the 
Carys Mills Formation, consisting of Ordovician and Early Silurian limestone and 
calcareous siltstone (Pavlides, 1968). Surficial geology of the region is generally till, up 
to 20 m thick (Thompson and Borns, 1985). The agriculturally dominated 530 ha 
watershed is drained by Amsden Brook, a spring-fed and perennial first- to second-order 
stream with narrow forested riparian buffers. It drains southwest to the Aroostook River. 
One headwater stream (North Branch) drains the northeastern part of the 
watershed; a second (South Branch) drains the southeastern part. These headwaters flow 
westerly about 800 m to their confluence with Amsden Brook (Main Branch), which is 
joined, under high flow conditions, by a third drainage from a wetland about 500 m 
downstream. The Main Branch enters the Aroostook River 1600 m from the confluence 
of the North and South Branches. Both North and South Branches, as well as the upper 
portion of the Main Branch are confined, floored by bedrock in much of the stream 
thread, and have steep cut forested banks in till leading up to the field edges. The 
confined stretch becomes a sand and gravel deltaic deposit about 400 m below the 
confluence of the North and South Branches. The cut banks range in heights from 10 to 
25 m and have an approximate slope of up to 30%. The portions of the stream floored by 
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bedrock have an average slope of approximately 3.5%. The lowest 1000 m of the Main 
Branch are characterized by a shallower slope of 1.5%.  
Sampling sites were established in May 2017 at the highest points of perennial 
flow in North and South Branches, and representatively downstream (Figure 1.1.). The 
third drainage was not sampled as it was primarily a wetland and had no surface flow 
connectivity to the Main Branch during base flow conditions. Sediment sampling sites 
were established at an upstream and downstream site within each of the three reaches. In 
June 2017, a significant groundwater discharge at the bedrock-till interface 25 m 
upstream from site S-2250 was discovered (Figure 1.1.). This spring was the highest 
upstream source of water during lowest flow conditions and was regularly sampled. 
 
Figure 1.1. Sample site locations in the Amsden Brook watershed, Fort Fairfield, Maine 
USA. Sediment and water sampling sites are designated by their branch name (N-North, 
S-South, M-Main Branches), and their distance upstream (meters) from the Aroostook 
River. Soil sampling sites are identified by their landscape position: agricultural fields 
(Ag), conservation reserve (CR), forested slope (Slope), and flood plain (FP). 
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1.2.2. Field Methods 
1.2.2.1 Water Sampling and Analysis 
Water samples were collected monthly from Amsden Brook throughout the snow-
free period, May-November of 2017. All water samples were collected at low flow to 
characterize base flow chemical conditions. Amsden Brook has very high turbidity in 
moderate to high flow, making representative sampling difficult. 
We used a YSI pH100A Ecosense for in situ pH and temperature, and a HACH 
HQ30d Portable Meter for dissolved oxygen (DO) and specific conductance (SC). Water 
samples for SRP, total P (TP), closed cell pH, and aerated pH were collected monthly. 
Samples for sulfate (SO42-), nitrate (NO3-) and chloride (Cl-); total and dissolved metals 
[calcium (Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+), Al, Fe and 
manganese (Mn)]; DOC, and ammonium (NH4+) were collected in alternate months. All 
samples were stored at 4 C until analysis at the Sawyer Water Research Laboratory at 
the University of Maine.  
Soluble reactive P samples were filtered in the field (polypropylene 0.45 m; 
Whatman GE Healthcare Life Sciences). Total P samples were unfiltered. Total P and 
SRP were sampled in 150 mL amber glass bottles. Samples for TP were digested with 11 
N sulfuric acid and 0.18 M ammonium peroxydisulfate at 121 C and 15-20 psi. Soluble 
reactive P and TP concentrations were measured colorimetrically following the method 
of Murphy and Riley (1962) on a Varian Cary 50 spectrophotometer with a 5 cm path 
length.  
Total and dissolved metals were collected in 60 mL acid-washed Nalgene bottles. 
Total metals were unfiltered and acidified with three drops of 10% HNO3 in the field. 
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Dissolved metals were filtered (0.45 m) and acidified in the field similarly. All metals 
samples were analyzed by a high resolution Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS; Thermo Element 2). 
Anions, DOC, and NH4+ were sampled into a 250 mL DI-washed Nalgene bottle. 
After filtration in the laboratory (0.4 m Nitrocellulose, GVS), anions were measured by 
ion chromatography (Dionex ICS-2000), DOC was measured on a total carbon analyzer 
(Shimadzu TOC-L), and NH4+ was measured using flow injection analysis (Lachat 
QuickChem 8500). 
Closed cell and aerated pH were sampled and capped in 60 mL plastic syringes, 
kept on ice in the dark and transported to the laboratory for analysis. The pH was 
measured by a Corning pH meter 430 equipped with a Cole-Parmer combination, double 
junction electrode. Closed cell pH samples were measured on the day of collection with 
no filtration or contact with the atmosphere. Aerated samples were filtered (0.45 m) into 
glass vials and shaken for 18 hr while open to the laboratory atmosphere and temperature 
before measurement. 
Fourteen samples for Radon-222 (222Rn) determination were collected on 12 July 
2017, at short spatial intervals throughout the Main and South Branches. 222Rn study sites 
for the North Branch duplicated the water chemistry sites (Figure 1.1). Temperature was 
measured at each 222Rn collection site. Water was sampled with a 15 mL hypodermic 
steel needle and a polyethylene syringe into 20 mL glass scintillation vials with 
polyethylene caps (New England Nuclear). Ten mL of sample were injected beneath 5 
mL of concentrated toluene containing the scintillation fluor, Liquifluor (New England 
Nuclear). 222Rn was determined on a Packard Tri-carb 1500 liquid scintillation detector at 
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the Department of Physics and Astronomy Environmental Radiation Laboratory, 
University of Maine. Specific 222Rn activity at collection was calculated, given the times 
of collection and measurement.  
Groundwater was sampled in January 2017 from three domestic wells drilled into 
bedrock within the Amsden Brook watershed. The samples were obtained from plumbed 
fixtures before any water treatment systems. Faucet screens were removed, if present, and 
the system was flushed for 3 min before sampling. Samples were collected and analyzed 
for SRP, TP, anions, dissolved and total metals, DOC, and NH4+ following the same 
pretreatment, storage, and analytical methods as for stream sampling. 
1.2.2.2 Precipitate Analysis 
A precipitate was observed in filtered surface water samples after the 18 hr 
aeration procedure for pH. A subsample of this precipitate was filtered from suspension 
using a 0.2 m Whatman Nuclepore track-etched polycarbonate membrane filter. The 
filter and precipitate were rinsed once with distilled water to avoid additional 
precipitation while drying. Filters were allowed to dry overnight at room temperature and 
mounted flat to stub specimen mounts with double sided tape. The samples were coated 
with a 150 Å carbon coating using a high vacuum carbon coater. Analyses were 
performed using a Tescan Vega XMU SEM equipped with an EDAX Apollo EDX 
detector. The SEM and EDX were automated with VegaTC and EDAX Genesis software, 
respectively. All imaging, elemental mapping, and EDX analyses were performed with a 
20 kV, ~200 pA beam at a working distance of ~15 mm. SEM images were collected 
with dwell times of 150 msec pixel-1. EDX spectra were collected for 100 sec of live 
time. Elemental mapping was performed with a dwell time of 5 msec. 
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1.2.2.3 Sediment Sampling and Analysis 
Stream sediment was sampled at the sites shown in Figure 1.1. in May and August 
2017. Sediment samples were wet sieved (2 mm HDPE) in the field. The sieved sediment 
slurry was transferred to an acid-washed wide mouth Nalgene bottle, where fine sediment 
was allowed to settle overnight in the laboratory at 4 C. The supernatant was removed, 
and sediment was transferred to sterile Whirl-Pak bags. Sediment samples were frozen 
until chemical extractions.  
 Sediment samples were sequentially extracted to determine P speciation following 
the procedure of Psenner et al. (1984), as modified by SanClements et al. (2009). 
Approximately 2 g of homogenized wet sediment were subjected to four sequential 
extractions: (1) 8 mL of 1 M NH4Cl pH adjusted to 7 with NaOH, at 25 C for 1 hr; (2) 
25 mL of 0.11 M NaHCO3 and 0.11 M Na2S2O4 (BD) at 40 C for 0.5 hr; (3) 25 mL of 
0.1 M NaOH at 25 C for 16 hr; and (4) 25 mL 0.5 M HCl at 25 C for 16 hr. Following 
each extraction, samples were centrifuged at 3,000 G for 15 min, and the supernatant was 
removed. After each extraction step the remaining sediment was washed with a second 
volume of the respective extractant; i.e., 8 ml NH4Cl or 25 mL BD, NaOH, or HCl. 
Extract and wash solutions were combined for each step and analyzed by ICP-OES 
(Thermo Electron iCAP 6300) for Al, Ca, Fe, and P at the University of Maine Soil 
Testing Service. Each batch (n = up to 28 sediment samples) of extracted sediment 
samples included at least one reagent blank and a sample replicate for quality control. A 
subsample of homogenized wet sediment was dried at 100 C for 24 h to determine the % 
water, followed by combustion at 550 C for 4 hr to determine the loss-on-ignition (LOI), 
a proxy for the organic matter concentration. The sediment was finally combusted at 950 
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C for 2 hr, and the weight loss was attributed to the loss of CO2 from calcite (Dean, 
1974; Heiri et al., 2001). 
1.2.2.4 Soil Sampling and Analysis  
Ten pedons were excavated to refusal by hand in August and September of 2017 
perpendicular to, and continuing upslope on each bank of the stream (Figure 1.1.). 
Sampling sites were classified as agricultural fields (Ag), land taken out of crop 
production and placed in conservation reserve 25-30 years ago (CR), forested slope 
buffers (Slope), and flood plains (FP). Soils were sampled from each horizon, 
characterized in the field for color, texture, structure, and root presence and stored on ice 
during transport to the laboratory. Samples were air dried for ≥ two weeks, sieved to  2 
mm, and homogenized. A subsample was oven dried at 100 C for 24 hr to determine % 
water, followed by combustion at 450 C for 12 hr to determine % LOI. pH was 
determined in both calcium chloride solution and in deionized water (5 g air dry soil to 10 
mL of 0.1 M CaCl2 or DI H2O) using an Accumet AR15 meter equipped with an Orion 
Ross Ultra combination electrode. Exchangeable metals (Ca, Mg, K, Na, P, Al, Cu, Fe, 
Mn, S, Zn) were extracted by a Modified Morgan nutrient extraction procedure (8 g air 
dry soil to 40 mL ammonium acetate pH=4.8) and were analyzed by ICP-OES (Thermo 
Electron iCAP 6300) at the University of Maine Soil Testing Service.   
 Subsamples of air-dried homogenized soils (1.5 g) were sequentially extracted to 
determine P speciation following the modified Psenner et al. (1984) procedure, described 
above.  
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1.2.3. Sediment-P Adsorption and Desorption Experiments  
Sediment sampled in August 2017 from site S-2250 was sieved (< 2 mm), oven 
dried at 60 C for 24 hr, homogenized, and stored frozen. Subsamples of this sediment 
were used to conduct laboratory experiments to better understand sediment-water P 
dynamics, and separate aliquots were sequentially extracted to determine P speciation 
following the modified Psenner et al. (1984) procedure, described above. 
Because of high concentrations of CaCO3 in the stream sediment, we used an 
organic buffer (HEPES) to buffer pH during the laboratory experiments. HEPES has an 
effective pH-buffering range of 6.8 to 8.2, and low affinity for adsorption and metal 
complexation (Ferreira et al., 2015; Kanematsu et al., 2011). 
1.2.3.1 Adsorption and Desorption Kinetics  
Adsorption kinetics experiments were conducted to determine the time to 
equilibrium. Two sediment suspensions were prepared by mixing 5 g of sediment with a 
250 mL solution containing 0.05 M HEPES and 2.5 mg-P L-1 (as KH2PO4) with the 
initial pH adjusted to 7.2 and 8.5 by addition of NaOH. Suspensions were placed on a 
shaker table at room temperature. Ten different 5 mL samples of suspension were 
removed from each batch at various times over 32 hr. Suspension pH was monitored and 
remained stable (+/- 0.10 pH units) throughout the experiment. Each sample was 
centrifuged at 5000 G for 20 min and filtered (0.45 m). Soluble Reactive P 
concentrations in the filtered solutions were determined colorimetrically (Murphy and 
Riley 1962). 
We investigated the desorption kinetics of native adsorbed P (henceforth native P) 
at two different initial pH values of 7.2 and 8.5 following the same methods as adsorption 
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kinetics, without any added P. Suspension pH was monitored and remained stable (+/- 
0.16 pH units) throughout the experiment. 
1.2.3.2 Equilibrium Adsorption Isotherms 
 Three equilibrium adsorption isotherms were generated by mixing sediment with 
a 0.05 M HEPES solution at a 1:50 (g-sediment:mL-solution) ratio, with differing initial 
pH and P concentrations. Vials with initial P concentrations ranging from 0 to 5000 g-P 
L-1 were prepared from a 50 mg-P L-1 stock solution of KH2PO4, and adjusted to pH 7.20, 
8.00, or 8.50 with NaOH. Suspensions were placed on a shaker table for 24 hr; the 
adsorption experiments showed that this is sufficient time to reach equilibrium. Each 
suspension’s final pH was measured and SRP concentration was determined by the 
methods described above. 
1.2.3.3 pH-Dependent Desorption 
 To determine the impact of solution pH on native P at equilibrium, two batches of 
sediment samples were equilibrated with 0.05 M HEPES solutions of differing pH at a 
1:50 (g-sediment:mL-solution) ratio. The solutions had no added P and were adjusted to 
their target pH (6.0-10.0) with HCl or NaOH. Samples were placed on a shaker table for 
18 hr, final pH was measured, and SRP concentrations were determined by the methods 
described above.  
1.3. Equilibrium Adsorption Modeling 
Equilibrium adsorption of P onto natural sediments is normally described by the 
Langmuir adsorption model. Langmuir-type adsorption assumes a surface monolayer 
coverage of solute molecules and a uniform binding energy at all sites (Stumm and 
Morgan, 1996). When adsorption isotherms are generated using natural sediment, the 
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native adsorbed P (PNA) on the sediment must be taken into consideration due to its 
ability to desorb, and compete for adsorption sites. The addition of PNA (g-P g-dw -1) to 
a Langmuir model is expressed as,  
∆Pads =
Pmax Kads Peq
1+Kads Peq
-PNA            (Eq. 1.1.) 
Where, Pads is the net mass of adsorbed P per mass of dry sediment at equilibrium (g-P 
g-dw-1), Pmax is the equilibrium adsorption capacity of P (g-P g-dw-1), Kads is the 
adsorption/desorption equilibrium constant (L g-P-1), and Peq is the concentration of P in 
solution at equilibrium with sediment (g-P L-1). 
Some methods to determine PNA are isotopic labeling (Holford et al., 1974; Syers 
et al., 1973), chemical extraction-based estimates (Freese et al., 1992; Sallade and Sims, 
1997), least squares regression to fit a function such as Eq. 1.1. (Danenlouwerse et al., 
1993; Jensen et al., 1992), and evaluating PNA with respect to the other fitting parameters 
(Pmax, Kads) before using least squares regression (Wang et al., 2009; Zhou et al., 2005). 
PNA expressed as a function of Pmax and Kads results in:  
PNA =
Pmax Kads Peq
0
1+Kads Peq
0 +
Peq
0 V
w
            (Eq. 1.2.) 
where, Peq0 is the equilibrium P concentration, with no added P; i.e. the equilibrium 
desorbed native P; V is the volume of solution (L) and w is the dry mass of the sediment 
(g-dw). By substituting Eq. 1.2. into Eq. 1.1. we obtain:  
∆Pads =
Pmax Kads Peq
1+Kads Peq
-
Pmax Kads Peq
0
1+Kads Peq
0 -
Peq
0 V
w
          (Eq. 1.3.) 
We used Eq. 1.3. to fit experimental data to a Langmuir adsorption model using 
the least squares method with Pmax, Peq0, and Kads as the adjustable parameters. PNA can 
then be determined from Eq. 1.2. We also determined the equilibrium zero point P 
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concentration (EPC0), defined as the concentration of SRP at equilibrium where the net 
change in P adsorption and desorption is zero (i.e., Pads = 0; House and Denison, 2000). 
The EPC0 is used to determine whether sediment acts as a source or sink of P under 
specific conditions. A Peq < EPC0 results in a net desorption of P from sediment, while a 
Peq > EPC0 indicates net adsorption of P onto sediment. Solving for Peq in Eq. 1.1., when 
Pads = 0, yields: 
𝐸𝑃𝐶0 = 𝑃𝑒𝑞 = [𝐾𝑎𝑑𝑠 𝑃𝑚𝑎𝑥 (
1
𝑃𝑁𝐴
−
1
𝑃𝑚𝑎𝑥
)]
−1
          (Eq. 1.4.) 
The various parameters identified above are shown graphically on a Langmuir type 
isotherm in Figure 1.2. 
 
Figure 1.2. Graphical representation of a Langmuir type adsorption model. Model shown 
for added P adsorption on sediment with natively adsorbed P (PNA). The equilibrium zero 
point phosphate concentration (EPC0) represents the P concentration (Peq) at which the 
net P adsorbed (Pads) is zero. The max P adsorption capacity of the sediment (Pmax) 
represents the upper limits of the extrapolated isotherm. 
 
1.4. Results and Discussion 
1.4.1. Stream Chemistry 
Over the sampling season the temperature of emerging groundwater ranged from 
6.6 to 7.1 C. The surface water temperatures ranged from 3.3 to 13.3 C; temperature 
increased slightly with distance downstream from the spring site during the summer, and 
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decreased with distance in November when the air temperature was below that of ground 
water. The groundwater temperature is closely related to the annual mean air temperature 
(Benz et al., 2017), about 6 C. During the sampling season, DO concentrations in the 
emerging groundwater ranged from 59.7 to 81.5% of saturation, while in the surface 
waters it ranged from 55.6 to 118%, and generally increased in the downstream direction 
(Table 1.1.). 
During base flow there were small to no differences between total and dissolved 
metal concentrations (Table 1.2.). The site averaged dissolved Ca2+ concentrations ranged 
from 58.5-74.1 mg L-1, and were the highest of the metals due to local calcareous bedrock 
and till, and did not show spatial variability throughout the stream (p > 0.05). High 
concentrations of Cl- (14.0-19.3 mg L-1), NO3- (20.8-47.0 mg L-1), and SO42- (23.4-35.0 
mg L-1) are likely due to various soil amendments, including potassium chloride (KCl), 
ammonium nitrate (NH4NO3), and ammonium sulfate [(NH4)2SO4], that are commonly 
used in agriculture throughout the region (Sharma and Bali, 2018). The high Cl- is not 
accompanied by high Na (which would indicate input of road salt); the low K has 
resulted from plant uptake, the goal of adding KCl. All sampling sites had low DOC (< 
1.61 mg L-1) and low NH4+ (≤ 0.005 mg L-1) concentrations (Table 1.1.). 
Site-averaged, closed-cell pH increased downstream in both the South (7.24-8.03) 
and North (7.59-8.03) Branches, with no spatial trend between the two sampling sites in 
the Main Branch (Figure 1.3.a). Site-averaged, aerated pH values ranged from 8.36 to 
8.42. Spatial comparisons of closed-cell and aerated pH in stream samples combined with 
observations of groundwater discharge at the bedrock-till interface, indicate that changes 
in stream pH are driven by CO2 rapidly degassing from the spring water in upper reaches 
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Table 1.1. Average chemical characteristics for Amsden Brook. Samples collected May-November 2017.    
Sitea 
Temp 
(C) 
pH        
(in-situ) 
DO        
(%) 
Cond  
(S cm-1) 
SRP  
(g L-1) 
TP  
(g L-1) 
Cl-    
(mg L-1) 
NO3
-  
(mg L-1) 
SO4
2-  
(mg L-1) 
DOC  
(mg L-1) 
NH4
+  
(mg L-1) 
M-25 9.5 8.13 100.2 480 7.2 15.1 13.9 20.8 23.4 1.39 ≤0.005 
M-1200 10.9 8.33 102.2 524 32.6 36.6 16.9 34.8 32.5 0.94 ≤0.005 
N-1600 9.8 7.99 84.2 522 32.1 35.1 17.9 31.2 28.4 0.84 ≤0.005 
N-1925 9.8 8.15 96.3 529 14.4 17.1 19.3 34.5 29.3 0.88 ≤0.005 
N-2400 9.7 7.61 73.9 539 9.4 18.8 17.5 27.3 23.5 0.98 ≤0.005 
S-1600 10.3 8.18 98.3 545 40.6 44.7 17.0 38.6 32.3 0.95 ≤0.005 
S-1800 10.2 8.15 98.6 550 34.0 37.9 17.5 41.2 35.0 0.94 ≤0.005 
S-2250 8.2 7.52 86.3 552 16.5 19.1 17.7 41.8 35.0 0.88 ≤0.005 
S-2275 7.0 7.34 69.0 536 3.0 4.6 15.2 46.9 32.3 0.41 ≤0.005 
 
 
Table 1.2. Average dissolved and total metals concentrations for Amsden Brook. Samples collected May-November 2017. 
Sitea (n) 
Ca (mg L-1)   Mg (mg L-1) K (mg L-1) Na (mg L-1) Al (g L-1) Fe (g L-1) Mn (g L-1) 
Diss. Total Diss. Total Diss. Total Diss. Total Diss. Total Diss. Total Diss. Total 
M-25 (4) 72.3 78.7 5.84 6.35 1.19 1.30 2.63 2.94 9.13 23.8 42.4 86.5 25.3 30.4 
M-1200 (4) 74.1 82.2 6.75 7.34 1.07 1.14 2.52 2.68 16.2 22.4 25.9 33.7 0.391 1.16 
N-1600 (4) 72.8 76.9 6.05 6.40 0.829 0.885 2.09 2.17 12.5 13.9 20.9 24.2 0.379 0.549 
N-1925 (4) 72.0 76.5 5.95 6.36 0.863 0.921 2.08 2.24 9.98 17.4 33.3 39.2 0.806 1.86 
N-2400 (4) 71.8 76.4 5.76 6.05 1.05 1.10 2.16 2.31 9.37 26.8 25.5 42.7 4.67 9.85 
S-1600 (4) 73.2 78.3 7.37 7.69 1.14 1.24 2.72 2.82 13.7 15.8 23.9 27.1 0.399 0.624 
S-1800 (4) 72.1 74.3 7.15 7.36 1.12 1.17 2.73 2.83 12.9 14.7 32.1 37.7 0.484 0.679 
S-2250 (4) 68.4 72.8 6.86 7.35 1.20 1.28 2.88 3.10 6.78 11.1 23.4 31.8 0.390 0.861 
S-2275 (3) 58.5 62.0 6.26 6.50 0.701 0.758 2.42 2.53 4.23 6.41 16.2 19.8 0.219 0.440 
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Figure 1.3. Closed cell and aerated pH values, and SRP concentrations. (a) Closed cell 
and aerated pH values and, (b) soluble reactive P (SRP) concentrations within Amsden 
Brook (N-North, S-South, M-Main Branches). Data are averages  1 SD. The confluence 
of the North and South Branches is at 1600 m. The Aroostook River is at 0 m.  
 
 
of the North and South Branches. The maximum calculated spring water PCO2 at S-2275 
was 35 ambient PCO2 (410 ppm). The persistent higher aerated pH, and increase in 
surface flow downstream strongly suggests that there is influx of groundwater 
downstream throughout the branches.  
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222Rn (t1/2 = 3.7 d) concentrations have been used to find areas of groundwater 
discharge in streams (Kraemer and Genereux, 1998). Our sampling event on July 12, 
2017 identified relatively high concentrations of 222Rn at the upstream sampling sites, S-
2275 and N-2400 (Figure 1.1.), with decreasing concentrations downstream due to its 
outgassing to the atmosphere (Grolander, 2009) and dilution, until a relatively constant 
activity of  3 Bq L-1 was reached (Figure 1.4.). Typically, stream temperature decreased 
at localities with higher 222Rn. These 222Rn and relatively low temperature results confirm 
that Amsden Brook is fed throughout by perennial groundwater springs during base flow 
as seen at site S-2275.  
 
Figure 1.4. 222Rn activity in the three reaches of Amsden Brook. (N-North, S-South, M-
Main Branches) Data are shown as averages  1 SD, from two replicates taken during a 
single sampling event on 7/12/2017. The confluence of the North and South Branches is 
at 1600 m. 
 
Average SRP concentrations over the period of study increased downstream in 
both the North (9.4-32.1 g-P L-1) and South (3.0-40.6 g-P L-1) Branches (Figure 1.3.b). 
However, SRP concentrations decreased in the Main Branch between the M-1200 and M-
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25 meter sampling sites. We hypothesize that SRP is removed within the hyporheic zone 
in the lower reach of the Main Branch (Lapworth et al., 2011) because of lowered pH 
from dilution with deeper groundwater with higher PCO2, and consequent adsorption of P 
to subsurface material. The shallower gradient in this portion of the Main Branch has 
resulted in the deltaic accumulation of coarse sediment, with interstitial finer-grained 
sediment, leading to high permeability and thus downwelling stream water (Boulton et 
al., 1998). The temperature in reemerging water was lower, as was the in-situ pH (site M-
25; Table 1.1.) suggesting a subsurface flow path (Schindler and Krabbenhoft, 1998; 
White et al., 1987). During very low flow conditions, stream water disappeared by the M-
1200 site (Figure 1.1.). Surface flow re-emerged downstream and remained continuous at 
the site M-25, just upstream from where Amsden Brook discharges into the Aroostook 
River.  
1.4.2. Domestic Well Chemistry 
  Averaged water sampling results from domestic wells (n = 3) had low 
concentrations of SRP and TP (1.3 and 1.5 g L-1, respectively; Table 1.3.), high 
concentrations of dissolved Ca2+ (80.5 mg L-1), and high concentrations of Cl-, NO3-, and 
SO42- (8.4 mg L-1, 11.5 mg L-1, and 18.7 mg L-1, respectively; Table 1.3.). Similarities in 
the chemistry of the spring waters at site S-2275 and domestic well samples show that 
our spring and stream samples are representative of the regional groundwater. 
1.4.3. Calcite Dynamics 
Stream water composition at each sampling site was used to calculate the ion 
activity product (IAP) of CaCO3(s), defined as IAPCaCO3={Ca2+}{CO32-} (Stumm and 
Morgan, 1996). The ionic strengths of these waters (I) were determined based on  
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Table 1.3. Average chemistry of regional groundwater. Samples collected from domestic 
wells drilled into bedrock in the Amsden Brook watershed (n=3). 
  Analyte Concentration 
SRP (g L-1) 1.3 
TP (g L-1) 1.5 
Cl- (mg L-1) 8.4 
NO3
- (mg L-1) 11.5 
SO4
2- (mg L-1) 18.7 
DOC (mg L-1) 0.69 
NH4
+ (mg L-1) ≤0.005 
Diss. Ca (mg L-1) 80.5 
Total Ca (mg L-1) 85.9 
Diss. Mg (mg L-1) 7.02 
Total Mg (mg L-1) 7.16 
Diss. K (mg L-1) 0.79 
Total K (mg L-1) 0.81 
Diss. Na (mg L-1) 1.77 
Total Na (mg L-1) 1.86 
Diss. Al (g L-1) 7.64 
Total Al (g L-1) 10.2 
Diss. Fe (g L-1) 29.3 
Total Fe (g L-1) 88.7 
Diss. Mn (g L-1) 0.81 
Total Mn (g L-1) 1.04 
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correlation with their specific conductance (SC) as, I=1.610-5  SC (Snoeyink and 
Jenkins, 1980). Ionic strength was used to calculate activities of species. Carbonate ion 
and CO2 concentrations were calculated based on the assumption that calculated 
alkalinity is equivalent to the bicarbonate (HCO3-) concentration. The saturation index 
(S.I.) of minerals, defined as S.I.= log(IAP/KS), was used to determine their degree of 
saturation in stream samples. The S.I. calculations were conducted for CaCO3(s), 
hydroxyapatite  (HAP; Ca10(PO4)6(OH)2(s)), octa-calcium phosphate (OCP; 
Ca4H(PO4)3(s)), di-calcium phosphate dihydrate (DCPD; CaHPO42H2O(s)), and tri-
calcium phosphate (TCP; Ca3(PO4)2(s)). All relevant reactions and their equilibrium 
constants are shown in Table 1.4. 
Table 1.4. Equilibrium reactions and constants 
 apK 
CaCO3(s)  Ca2+ + CO32- bpK= -171.9065 - 0.077993T + 2839.319/T + 71.595 log T 
H2CO3*  CO2(g) + H2O bpK= 108.387 + 0.01985T – 6919.53/T – 40.45154 log T + 669365/T2 
H2CO3*  HCO3- + H+ bpK= -356.309 – 0.060920T + 21834.4/T + 126.83 log T – 1684915/T2 
HCO3-  CO32- + H+ bpK= -107.89 – 0.032528T + 5151.79/T + 39.926 log T – 563713.9/T2 
H3PO4  H2PO4- + H+ cpK= 2.15 @ 20C 
H2PO4-  HPO42- + H+ cpK= 7.20 @ 20C 
HPO42-  PO43- + H+ cpK= 12.35 @ 20C 
CaHCO3+  Ca2+ + HCO3- bpK= 1209.120 + 0.31294T – 34765.05/T – 478.782 log T 
CaCO3  Ca2+ + CO32- bpK= -1228.732 – 0.299444T + 35512.75/T + 485.818 log T 
Ca10(PO4)6(OH)2(s) 10Ca2++6PO4+2OH- dpK= 114 @ 20C 
Ca4H(PO4)3(s)  4Ca2+ + 3PO4 + H+ dpK= 46.9 @ 20C 
CaHPO4(s) Ca2+ + HPO42- dpK= 6.59 @ 20C 
Ca3(PO4)2  3Ca2+ + 2PO4-3 epK= 25.2 @ 25C 
a Equilibrium constants given for I = 0. T is the temperature (K). pK= -logK. 
b Plummer and Busenberg, 1982. 
c Morel and Hering, 1993. 
d Stumm and Morgan, 1996. 
e Hartley et al., 1997. 
 
Amsden Brook was undersaturated with respect to OCP, TCP, and DCPD at all 
sampling sites. The S.I. values for CaCO3(s) increase downstream (Figure 1.5.). More 
significantly, the upstream samples were undersaturated (S.I. < 0) with respect to 
CaCO3(s) and became oversaturated (S.I. > 0) within 300 m due to an increase in stream 
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pH (Figure 1.5.). HAP was also oversaturated downstream. Emerging groundwater was 
under-saturated and reached oversaturation within 300 m for calcite and HAP. 
 
Figure 1.5. Saturation index (S.I.) for calcite at stream sampling sites. (N-North, S-
South, M-Main Branches). Data points above S.I.=0.00 are oversaturated and data points 
below S.I.= 0.00 are undersaturated with respect to CaCO3. Data are averages  1 SD. 
The confluence of the North and South Branches is at 1600 m. 
 
We observed the precipitation of CaCO3(s), identified by SEM-EDX analysis, in 
samples that had been aerated for 18 hr in the laboratory (Figure 1.6.). The % carbonate 
in sediment calculated from weight loss due to decarbonation (Figure 1.7.), and extracted 
Ca2+ concentrations in sediment (Figure 1.8.d) increase downstream in both the North 
and South Branches. This may be due to the continued downstream precipitation, 
sampling of different sedimentary settings with different grain-size distributions, or 
downstream winnowing of the fine-grained precipitate. CaCO3(s) precipitates more 
readily than various Ca-PO4 minerals because of the slower precipitation kinetics of the 
larger complex minerals, such as HAP (Stumm and Morgan, 1996). Oversaturation and  
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Figure 1.6. SEM-EDAX output from precipitate analysis. Results show that calcite 
(CaCO3) is the precipitate observed in the laboratory in degassed stream samples, and 
imaged CaCO3 crystal. 
 
 
Figure 1.7. Dry weight percentage of CO3 in stream sediment. Results are based on 
decarbonation of CaCO3(s) after combustion at 950C for 2 hr. Results are averages  1 
SD. Sediment samplings (n = 2) taken in May and August 2017 at upstream and 
downstream sites in N-North, S-South, and M-Main Branches, with total upstream 
distances from the Aroostook River in meters. 
 
 
C 
O 
Ca 
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subsequent precipitation of CaCO3(s) due to CO2 degassing is commonly reported for 
spring-fed headwater streams (Corman et al., 2015; Dandurand et al., 1982; Malusa et al., 
2003). The co-precipitation of P with CaCO3(s) has been documented in the laboratory 
and engineered settings (House and Donaldson, 1986; Jenkins et al., 1971; Karageorgiou 
et al., 2007; Xu et al., 2014), and in natural systems (Corman et al., 2016; House et al., 
1986; Otsuki and Wetzel, 1972). Although there is laboratory evidence of CaCO3(s) 
precipitation, we did not see a decrease in dissolved P concentrations in stream water as 
might be expected with co-precipitation. In Amsden Brook, a small amount of P may be 
removed by co-precipitation with CaCO3, but the mass of P removed would be so small 
that the surface water concentrations of P were not measurably impacted.  
While freshly-precipitating CaCO3(s) can scavenge dissolved P (Corman et al., 
2015; Jenkins et al., 1971), its precipitation rate may be slowed or entirely inhibited by 
high SRP concentrations similar to those in Amsden Brook (House et al., 1986; Lin and 
Singer, 2006). This inhibition is attributed to a reduction in active crystal-growth sites 
due to the adsorption of P on potential nucleation sites. Studies have also shown that 
CaCO3(s) precipitation may not occur rapidly for S.I. < 0.8, a critical level determined by 
experiments that showed no heteronucleation upon the addition of seed crystals (House, 
1981). In this study the S.I. values only surpassed 0.8 once (May sampling at site M-
1200), even though CaCO3(s) increased in the sediment downstream.  
House et al. (1986) showed co-precipitation of P with CaCO3(s) in two 
experimental recirculating stream systems, with and without a bed of flint gravel. The 
presence of the flint gravel resulted in a five-fold reduction in the calculated maximum 
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surface density of P co-precipitated with CaCO3(s). This was attributed to the slow release 
of P from the gravel matrix, leading to the eventual inhibition of CaCO3(s) precipitation.  
1.4.4. Sediment Composition  
Figure 1.8. shows the results of sequential chemical extractions of Al, Ca, Fe, and 
P in the stream sediments. Averaged extractable sediment P for sites ranged from 11.5-
21.7 mol g-dw-1. The majority (7.7-17.1 mol g-dw-1) was extracted by NaOH (PNaOH).  
PHCl was 2.3 to 5.9 mol g-dw-1 and PBD was 0.50 to 0.97 mol g-dw-1. The large fraction 
of PNaOH shows that sediment P is largely associated with the surfaces of Al(OH)3(s) and 
possibly small concentrations of organic matter. The largest fraction of Fe in sediment 
was extracted with HCl (87.6-107.3 mol g-dw-1) and is relatively recalcitrant with 
respect to dissolution. The reducible Fe fraction, FeBD, was lower in concentration (34.0-
60.5 mol g-dw-1). NaOH and HCl extracted very similar concentrations of Al (34.2 to 
71.4 mol g-dw-1 and 51.9 to 66.4 mol g-dw-1, respectively). Most extractable Ca 
occurred as acid-soluble (CaHCl), and ranged from 134 to 618 mol g-dw-1. Both CaHCl as 
well as total extractable Ca increase with travel downstream, likely as a result of CaCO3(s) 
oversaturation, precipitation, and sedimentation. We compared the composition of 
sediment samples from upstream and downstream sites in each reach by comparing the 
ratios of the different fractions (Figure 1.9.). Sediment AlNaOH:FeBD ratios (Figure 1.9.a) 
do not change between upstream and downstream sampling sites in each branch (p > 
0.05). The lack of change in AlNaOH:FeBD ratios shows that there is no preferential 
dissolution or precipitation of Fe(OH)3(s) or Al(OH)3(s), indicating that the stream 
sediment remains oxic and any introduced sediment from bank erosion has similar 
composition. The stream  water has very low concentrations of Al and Fe. Thus, it is 
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Figure 1.8. Sequential fractionation results of stream sediment. Results for (a) P, (b) Fe, (c) Al, and (d) Ca are based on four 
sequential extraction steps (NH4Cl, BD, NaOH, HCl). Results are averages of two sediment samplings in May and August 2017 at the 
upstream and downstream sampling sites in each branch (N-North, S-South, M-Main Branches), with total upstream distances in 
meters from the Aroostook River.   
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Figure 1.9. Sediment compositional ratios. (a) AlNaOH:FeBD and (b) CaHCl:FeBD, calculated from sequential chemical extractions. 
Results are averages  1 SD of two samples, May and August 2017, at upstream and downstream sampling sites in each branch (N-
North, S-South, M-Main Branches), with total upstream distances in meters from the Aroostook River. 
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unlikely that the stream chemistry could control sediment chemistry for these two 
insoluble elements. The CaHCl:FeBD ratio (Figure 1.9.b) increases downstream between 
sediment sampling sites in the North and South Branches. CaHCl concentrations increase, 
while FeBD concentrations remain relatively constant downstream. This increase is likely 
due to increasing the accumulated mass of CaCO3(s) precipitate, as supported by sediment 
decarbonation (Figure 1.7.) and higher sediment extractable Ca (Figure 1.8.d).  
The sequential chemical extraction results of all stream sediment were averaged 
and compared to those of surface soils at the four grouped landscape positions from 
within the Amsden Brook watershed (Ag, CR, Slope, FP). Compositional ratios 
AlNaOH:PBD, AlNaOH:PNaOH, and FeBD:PBD (mol:mol) showed that agricultural soils were 
most closely related to stream sediment (Figure 1.10.). The P concentrations were the 
highest in agricultural and conservation reserve soils, followed by stream sediments and 
flood plain material, and lastly the forested slope buffer soils (Figure 1.11.). These 
relationships strongly imply that the erosion of the cultivated soils is a large contributor 
to particulate P transport and accumulation in the streambed. 
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Figure 1.10. Box plots of compositional ratios (mol:mol) at various landscape positions. 
Ratios were determined from results of sequential chemical extractions of soils, grouped 
by landscape positions (agriculture (Ag), conservation reserve (CR), forested slopes 
(Slope), flood plain (FP)), and stream sediment (Sed). Sample size (n=) is given for each 
sample group on the x-axis. 
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Figure 1.11. Box plots of the total Psenner extractable P from soils and sediment. Plots 
are grouped by landscape positions (agriculture (Ag), conservation reserve (CR), forested 
slopes (Slope), flood plain (FP)), and stream sediment (Sed). The total Psenner 
extractable P represents the total pool of P at each landscape position. Sample size (n=) is 
given for each sample group on the x-axis. 
 
 
It is also apparent that eroded agricultural soils are transported to the stream 
channel through visual inspection of satellite imagery. In Figure 1.1. there are locations 
showing channelized gully erosion leading to the sloped edges of the stream from the 
agricultural fields. Based on field observations many of these channels direct material 
from the agricultural landscape directly to the channel, bypassing the slope soils. These 
observations and the chemical fingerprinting of soil samples and sediment show that the 
erosion, both past and present, of agricultural soils is the main contributor to stream 
channel material.  
 
1.4.5. Sediment-P Adsorption 
Equilibrium desorption of native P, and the adsorption of added P was reached 
between 10 and 24 hours (Figure 1.12.). The desorption of native P at pH 8.50 proceeds 
at a slower rate with more native P released, than at a pH of 7.30, the approximate pH of 
Total Psenner P  
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groundwater (Figure 1.12.b). Adsorption equilibrium at pH 8.49 occurs faster with less P 
adsorbed than at pH 7.26 (Figure 1.12.a).  
Equilibrium P adsorption isotherms, modeled using Eq. 1.3., at pH 7.25, 7.93, and 
8.46 are in Figure 1.13. The parameters used to fit the data and calculated EPC0 and PNA 
values are in Table 1.5. As pH increased, the capacity of sediment to retain P (Pmax) 
decreased. A decrease in Kads represents a lower affinity between SRP and sediment 
surfaces with increasing pH. Modeled Peq0 values show that with increasing pH the 
amount of desorbed P increases. Peq0 was used as a fitting parameter, while other studies 
have used the experimental measurements for the first equilibrium adsorption data point 
(with no added P; Wang et al., 2009; Zhou et al., 2005). Fitting Peq0 was chosen to avoid 
potential bias in fitting the model to a single experimental data point. Nevertheless, the 
fitted Peq0 values were within 10% of our experimental data. PNA values calculated from 
Eq. 1.2. show that our estimates are different for each pH equilibrium scenario. With 
increasing pH, EPC0 also increases, indicating that the Peq concentration necessary to 
achieve a net zero adsorption also increases. In other studies, EPC0 values are utilized to 
determine conditions under which the sediment will act as a source or sink for P (House 
and Denison, 2000). However, our EPC0 values were determined for a specific 
sediment:solution ratio and experimental conditions, and are thus not directly comparable 
to our measured concentrations of SRP at Amsden Brook. However, our results 
characterizing the effect of pH on the sediment’s ability to retain adsorbed P explain the 
trend in pH and SRP concentrations in the field (Figure 1.3).  
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 Figure 1.12. Phosphorus adsorption and desorption kinetics on stream sediment. Time-
concentration plots for (a) adsorption of P with an initial P concentration of 2,500 g L-1 
at pH = 8.490.07 (triangles) and 7.260.04 (circles), and (b) desorption of native P at 
pH = 8.500.01 (triangles) and 7.300.07 (circles). The y-axes have different units. Lines 
are best fit. Equilibrium was considered reached between  10 and 24 hrs for both native 
P desorption and P adsorption.  
 
Figure 1.13. Langmuir adsorption isotherms for Amsden Brook sediment. Isotherms 
were conducted for pH = 7.250.03, 7.93 0.03, and 8.460.02 with 24 hr equilibration 
time. Solid points are experimental data. Individual lines are modeled using Eq. 3, and 
fitting for Pmax, Kads, and P0eq. 
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With increased solution pH, the equilibrium concentration of desorbed native P 
increases (Figure 1.14). Lijklema (1980) showed that adsorbed P concentrations on fresh 
Fe(OH)3(s) and Al(OH)3(s) decreased as the pH increased. The same effect was observed 
for CaCO3(s) by Van Der Weijden et al. (1997). The pH dependence of P adsorption and 
desorption for natural lake sediment is also consistent with our results (Moore and Reddy, 
1994; Wang et al., 2005). Machesky et al. (2010) showed that EPC0 was strongly 
correlated with solution pH, which ranged from 7.45 to 8.10 in P adsorption experiments 
with river sediment.  
 
Figure 1.14. pH dependence of native P release from Amsden Brook sediment. 
Experiments conducted with an 18 hr equilibration time. 
 
Table 1.5. Adsorption isotherm fitting and calculated parameters. 
pH 
Pmax 
(g-P g-dw-1) 
Kads 
(L g-P-1) 
Peq0 
(g-P L-1) 
PNA 
(g-P g-dw-1) 
EPC0 
(g-P L-1) 
7.250.03 183 1.5010-3 157 42.6 202 
7.930.03 164 0.90010-3 289 47.9 460 
8.460.02 160 0.60410-3 395 50.1 758 
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Sediment adsorptive capacity decreases with increasing pH within the pH 6-8 
range (Moore and Reddy, 1994; Wang et al., 2005; Zhou et al., 2005). With increasing 
pH the dominant P species, H2PO4- and HPO42-, carry a greater negative charge, and the 
surfaces of Fe(OH)3(s) and Al(OH)3(s) shift from positively- to nearly neutrally-charged 
(Dzombak and Morel, 1990; Karamalidis and Dzombak, 2010). With increasing pH there 
are also increasing concentrations of aqueous Al(OH)4-, Fe(OH)4-, and OH- species which 
may compete with phosphate for exchange sites. These changes in surface charge and 
speciation result in a decreased affinity between SRP and solid surfaces.  
In summary, our laboratory experiments with natural sediments show that 
adsorbed sediment-P is mobilized by desorption as the stream pH increases, due to 
degassing of excess CO2. This pH-dependent desorption from P-laden stream sediment is 
identified as the main source of base flow SRP in Amsden Brook, Maine. The 
phenomena identified here are not unique. The pH increase, due to CO2 degassing, occurs 
where emerging groundwater is an important source of water to a stream. In calcareous 
systems this degassing will likely lead to atmosphere-equilibrated pH values above 8.0, 
which greatly lowers the ability of sediment to retain adsorbed P.   
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APPENDIX A: SURFACE WATER QUALITY DATA 
Table A.1.Surface water quality data for temp, pH, DO, conductance and P. Data are from monthly sampling and analysis at Amsden 
Brook.  
Date Site 
Temp 
(∘C) 
pH   
(in-situ) 
DO % 
DO 
(mg L-1)  
Sp Cond. 
(µS cm-1) 
Closed 
Cell pH 
Aerated 
pH 
SRP 
(ug L-1) 
TP  
(µg L-1) 
5/30/17 M-25 9.8 8.16 104 11.67 449 - - 7.2 13.6 
5/30/17 M-1200 11 8.35 95.1 10.35 529 - - 31.5 36.0 
5/30/17 N-1600 10.1 8.15 85.8 9.56 513 - - 29.4 32.4 
5/30/17 N-1925 11.2 8.05 91.4 9.86 522 - - 13.8 19.1 
5/30/17 N-2400 11.3 7.61 84.9 9.14 520 - - 9.8 17.5 
5/30/17 S-1600 11 8.14 92.9 10.16 553 - - 32.5 35.9 
5/30/17 S-1800 9.3 8.08 91.3 10.14 552 - - 28.1 32.8 
5/30/17 S-2250 8.5 7.18 85.1 9.75 512 - - 18.9 22.0 
5/30/17 S-2275 - - - - - - - - - 
6/13/17 M-25 10.7 8.22 101.4 11.04 459 - - 5.0 11.6 
6/13/17 M-1200 13 8.36 99 10.17 524 - - 36.7 38.4 
6/13/17 N-1600 10.9 7.88 79.1 8.55 513 - - 40.4 40.5 
6/13/17 N-1925 11 8.19 92.8 9.99 523 - - 21.1 18.7 
6/13/17 N-2400 10.2 7.62 71.6 7.83 532 - - 13.4 34.9 
6/13/17 S-1600 12.6 8.27 92.7 9.65 551 - - 40.6 47.8 
6/13/17 S-1800 11.3 8.25 94.6 10.1 554 - - 31.1 34.3 
6/13/17 S-2250 8.8 7.5 86.5 - 569 - - 13.9 15.0 
6/13/17 S-2275 7 7.24 68.4 8.06 544 - - 2.4 5.7 
7/12/17 M-25 11.2 8.28 105.9 11.50 484 - - 9.0 16.0 
7/12/17 M-1200 13.3 8.52 115.9 11.93 502 8.28 8.27 35.0 39.5 
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Table A.1 continued. 
Date Site 
Temp 
(∘C) 
pH   
(in-situ) 
DO % 
DO 
(mg L-1)  
Sp Cond. 
(µS cm-1) 
Closed 
Cell pH 
Aerated 
pH 
SRP 
(ug L-1) 
TP  
(µg L-1) 
7/12/17 N-1600 11.2 7.87 81.3 8.96 514 7.81 8.53 34.3 35.7 
7/12/17 N-1925 10 8.17 99.7 11.16 524 - - 11.8 15.9 
7/12/17 N-2400 9.9 7.64 63.7 7.14 536 - - 9.7 22.0 
7/12/17 S-1600 12.7 8.11 101.2 10.67 536 8.18 8.17 48.0 49.4 
7/12/17 S-1800 12.1 8.29 104.3 11.16 544 8.22 8.19 34.6 40.2 
7/12/17 S-2250 9.7 7.52 87.4 9.84 559 7.51 8.27 8.8 12.6 
7/12/17 S-2275 7.1 7.39 65 7.81 538 7.21 8.23 3.1 5.1 
8/14/17 M-25 12.1 8.22 107.8 11.61 475 8.00 8.14 7.1 13.4 
8/14/17 M-1200 - - - - - - - - - 
8/14/17 N-1600 11.2 7.8 80.8 8.74 520 7.65 8.25 35.8 39.6 
8/14/17 N-1925 10 8.11 100.4 10.79 523 7.92 8.29 14.6 16.2 
8/14/17 N-2400 8.7 7.26 55.6 6.26 539 7.26 8.21 4.8 7.1 
8/14/17 S-1600 12 8.27 107 11.16 537 8.06 8.30 45.4 51.3 
8/14/17 S-1800 12.6 8.32 106 11.07 547 8.06 8.26 39.8 43.2 
8/14/17 S-2250 8.1 7.41 83.7 9.69 567 7.39 8.18 14.0 12.5 
8/14/17 S-2275 7.1 7.24 63 7.60 539 7.16 8.26 2.7 4.4 
9/26/17 M-25 13.1 8.08 94.2 9.53 491 8.01 - 9.8 14.3 
9/26/17 M-1200 12.3 8.3 104.1 11.14 530 8.23 8.41 32.3 37.1 
9/26/17 N-1600 11.9 8.04 89 9.61 530 7.98 8.39 33.0 39.2 
9/26/17 N-1925 11.5 8.18 97.4 10.67 534 8.08 8.31 14.4 20.5 
9/26/17 N-2400 12.3 7.74 80.7 8.42 540 7.64 8.33 14.1 27.5 
9/26/17 S-1600 12.1 8.18 99.8 10.54 547 8.10 8.39 42.6 45.5 
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Table A.1. continued  
Date Site 
Temp 
(∘C) 
pH   
(in-situ) 
DO % 
DO 
(mg L-1)  
Sp Cond. 
(µS cm-1) 
Closed 
Cell pH 
Aerated 
pH 
SRP 
(ug L-1) 
TP  
(µg L-1) 
9/26/17 S-1800 12.3 8.27 100.5 10.66 552 8.09 8.34 36.1 40.6 
9/26/17 S-2250 9.2 7.65 86.6 9.55 556 7.63 8.27 16.6 18.7 
9/26/17 S-2275 7.1 7.41 70.7 8.3 524 7.35 8.37 4.0 4.6 
10/20/17 M-25 6.2 8.0 91.9 11.22 497 8.01 8.61 7.3 12.1 
10/20/17 M-1200 - - - - - - - - - 
10/20/17 N-1600 7.6 7.89 78.7 9.29 531 7.76 8.65 34.2 36.1 
10/20/17 N-1925 8.3 8.16 96.6 11.15 536 8.00 8.55 12.7 15.5 
10/20/17 N-2400 8.6 7.56 71.1 8.1 554 7.54 8.53 5.0 10.6 
10/20/17 S-1600 6.7 8.08 96.3 11.59 548 8.03 8.69 38.5 44.2 
10/20/17 S-1800 8.21 7.7 98.1 11.48 554 8.04 8.68 32.8 37.6 
10/20/17 S-2250 7.1 7.48 82.4 9.77 565 7.47 8.57 10.9 15.3 
10/20/17 S-2275 7 - 65.6 7.63 535 7.22 8.53 3.2 4.2 
11/10/17 M-25 3.3 7.92 96.4 12.74 504 7.98 8.52 4.7 24.9 
11/10/17 M-1200 4.9 8.12 96.7 12.25 537 8.05 8.53 27.4 31.8 
11/10/17 N-1600 5.5 8.28 94.6 11.78 536 7.95 8.36 17.8 21.9 
11/10/17 N-1925 6.3 8.19 95.8 11.64 542 7.88 8.38 12.3 14.1 
11/10/17 N-2400 6.9 7.85 89.5 10.73 549 7.59 8.44 8.8 11.8 
11/10/17 S-1600 4.9 8.19 - 12.14 542 7.93 8.55 36.4 38.8 
11/10/17 S-1800 5.3 8.16 95.5 11.91 544 7.89 8.48 35.3 36.8 
11/10/17 S-2250 5.7 7.92 92.7 11.46 538 7.72 8.51 32.1 37.4 
11/10/17 S-2275 6.6 7.51 81.5 9.83 534 7.22 8.56 2.4 3.4 
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Table A.2. Surface water quality data for anions, NH4+, and DOC. Data are from bi-monthly sampling and analysis at Amsden Brook.  
Date Site  
Cl-  
(mg L-1) 
NO3
-  
(mg L-1) 
SO4
2-  
(mg L-1) 
NH4
+  
(mg L-1) 
DOC  
(mg L-1) 
5/30/17 M-25 14.48 33.55 23.71 <0.005 1.27 
5/30/17 M-1200 17.49 40.52 30.95 <0.005 0.98 
5/30/17 N-1600 16.63 38.33 23.29 <0.005 0.95 
5/30/17 N-1925 15.51 30.00 18.13 <0.005 0.96 
5/30/17 N-2400 9.32 11.95 7.06 <0.005 1.02 
5/30/17 S-1600 16.85 31.41 17.59 <0.005 1.07 
5/30/17 S-1800 16.56 33.01 20.74 <0.005 0.98 
5/30/17 S-2250 14.51 33.09 20.48 <0.005 0.89 
5/30/17 S-2275 - - - - - 
7/12/17 M-25 15.80 14.07 24.27 0.005 1.23 
7/12/17 M-1200 19.12 38.20 39.50 <0.005 0.99 
7/12/17 N-1600 20.40 34.49 34.87 <0.005 0.78 
7/12/17 N-1925 23.81 42.03 39.64 <0.005 0.74 
7/12/17 N-2400 22.65 30.59 31.75 <0.005 0.81 
7/12/17 S-1600 18.35 42.09 44.74 <0.005 0.95 
7/12/17 S-1800 19.72 47.20 50.99 <0.005 0.93 
7/12/17 S-2250 21.48 51.67 50.34 <0.005 0.73 
7/12/17 S-2275 17.60 50.59 39.67 <0.005 0.48 
9/26/17 M-25 12.50 14.26 20.68 0.00586 1.46 
9/26/17 M-1200 16.44 36.49 29.11 0.00568 0.75 
9/26/17 N-1600 17.91 21.74 27.59 0.00505 0.76 
9/26/17 N-1925 18.42 27.43 31.17 <0.005 0.98 
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Table A.2. continued 
Date Site  
Cl-  
(mg L-1) 
NO3
-  
(mg L-1) 
SO4
2-  
(mg L-1) 
NH4
+  
(mg L-1) 
DOC  
(mg L-1) 
9/26/17 N-2400 18.16 25.99 28.63 <0.005 1.05 
9/26/17 S-1600 15.66 42.57 33.32 <0.005 0.68 
9/26/17 S-1800 16.41 45.07 34.52 0.00522 0.71 
9/26/17 S-2250 16.73 45.23 35.72 <0.005 0.60 
9/26/17 S-2275 13.85 47.97 28.69 0.00533 0.35 
11/10/17 M-25 13 21.18 25.01 <0.005 1.61 
11/10/17 M-1200 14.76 24.04 30.49 0.005 1.05 
11/10/17 N-1600 16.6 30.43 27.92 <0.005 0.89 
11/10/17 N-1925 19.41 38.48 28.41 <0.005 0.85 
11/10/17 N-2400 19.86 40.72 26.55 <0.005 1.05 
11/10/17 S-1600 17.13 38.17 33.62 <0.005 1.12 
11/10/17 S-1800 17.49 39.54 33.64 <0.005 1.15 
11/10/17 S-2250 17.96 37.11 33.36 <0.005 1.30 
11/10/17 S-2275 14.13 42.21 28.62 <0.005 0.39 
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Table A.3. Surface water quality data for total and dissolved metals. Data are from bi-monthly sampling and analysis at Amsden 
Brook. 
Date Site 
Ca (mg L-) Mg (mg L-) K (mg L-) Na (mg L-) Al (g L-) Fe (g L-) Mn (g L-) 
diss. total diss. total diss. total diss. total diss. total diss. total diss. total 
5/30/17 M-25 82 82 6.43 6.49 1.01 1.01 2.63 2.63 10.4 16.1 30.1 75.1 48.90 49.50 
5/30/17 M-1200 97 95 7.91 8.03 1.13 1.15 2.57 2.64 16 18.3 24.1 29.8 0.43 0.69 
5/30/17 N-1600 92 92 6.93 6.99 0.92 0.95 2.23 2.25 13.8 16.2 26.7 32.3 0.37 0.62 
5/30/17 N-1925 92 94 7.26 7.31 1.02 1.02 2.41 2.42 12.7 16.8 31.6 34.5 1.90 2.30 
5/30/17 N-2400 93 98 6.78 7.18 1.19 1.20 2.38 2.54 12.5 32.1 31.5 49.4 4.90 7.90 
5/30/17 S-1600 96 99 8.94 9.02 1.24 1.27 2.9 2.94 14.6 17.7 21.1 25.5 0.49 0.87 
5/30/17 S-1800 97 98 8.93 9.00 1.28 1.29 2.98 3.01 11.9 13.3 30.3 40.4 0.55 0.63 
5/30/17 S-2250 91 97 8.48 8.96 1.31 1.39 2.93 3.10 7.6 12.0 25.0 29.5 0.42 0.93 
5/30/17 S-2275 - - - - - - - - - - - - - - 
7/12/17 M-25 47.79 63.65 3.58 4.55 0.78 1.13 1.70 2.65 5.3 18.8 38.9 50.8 12.83 16.40 
7/12/17 M-1200 51.48 71.74 4.59 6.19 0.76 1.02 1.66 2.21 19.6 37.1 23.6 44.7 0.49 3.10 
7/12/17 N-1600 56.11 70.88 4.53 5.56 0.62 0.80 1.55 1.90 7.7 7.4 5.4 12.3 0.25 0.32 
7/12/17 N-1925 55.42 69.98 4.49 5.60 0.58 0.79 1.51 1.93 7.0 15.6 25.3 31.3 0.43 2.43 
7/12/17 N-2400 56.65 66.77 4.33 5.01 0.80 1.00 1.60 1.87 3.6 25.0 28.9 40.5 4.73 7.51 
7/12/17 S-1600 53.67 66.52 5.19 6.05 0.81 0.98 1.91 2.26 13.8 14.9 24.7 25.5 0.35 0.62 
7/12/17 S-1800 53.64 60.38 5.15 5.75 0.82 0.96 1.94 2.26 12.5 16.5 43.1 44.9 0.44 0.90 
7/12/17 S-2250 51.66 60.26 5.05 5.86 0.85 0.98 1.93 2.24 2.7 8.4 30.7 43.0 0.37 1.18 
7/12/17 S-2275 51.00 59.26 5.08 5.59 0.62 0.76 1.93 2.12 1.2 4.4 13.5 20.8 0.25 0.73 
9/26/17 M-25 71.30 73.37 6.14 6.57 1.30 1.31 3.00 3.15 7.66 25.54 42.16 66.61 8.90 13.01 
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Table A.3. continued  
Date Site 
Ca (mg L-) Mg (mg L-) K (mg L-) Na (mg L-) Al (g L-) Fe (g L-) Mn (g L-) 
diss. total diss. total diss. total diss. Total diss. total diss. total diss. total 
9/26/17 M-1200 66.01 68.36 7.17 7.13 1.11 1.10 2.86 2.89 13.75 14.94 21.63 21.44 0.20 0.34 
9/26/17 N-1600 66.13 66.55 6.62 6.72 0.90 0.92 2.38 2.34 16.50 18.32 23.83 23.99 0.51 0.64 
9/26/17 N-1925 64.51 64.09 6.05 6.38 1.01 1.01 2.25 2.41 9.93 20.06 55.13 60.04 0.50 1.85 
9/26/17 N-2400 63.71 64.17 6.01 6.03 1.26 1.26 2.47 2.49 10.67 28.49 17.98 40.51 6.43 19.54 
9/26/17 S-1600 60.23 61.00 7.31 7.34 1.08 1.10 2.90 2.91 12.49 14.20 18.17 23.87 0.28 0.43 
9/26/17 S-1800 58.83 58.70 7.12 7.11 1.03 1.09 2.81 2.84 12.75 13.16 20.64 27.62 0.44 0.52 
9/26/17 S-2250 55.96 56.57 6.62 7.08 1.12 1.18 3.07 3.09 6.50 6.66 17.14 19.07 0.45 0.59 
9/26/17 S-2275 52.89 54.26 6.55 6.80 0.77 0.77 2.69 2.77 4.36 4.99 13.01 15.36 0.20 0.37 
11/10/17 M-25 88.23 95.82 7.22 7.79 1.67 1.75 3.20 3.33 13.15 35.00 58.55 153.67 30.58 42.58 
11/10/17 M-1200 81.87 93.51 7.34 8.00 1.27 1.27 2.99 2.99 15.34 19.46 34.33 38.70 0.45 0.53 
11/10/17 N-1600 76.82 78.08 6.13 6.33 0.88 0.87 2.19 2.21 11.92 13.68 27.83 28.15 0.39 0.61 
11/10/17 N-1925 76.13 78.10 5.99 6.16 0.85 0.86 2.17 2.19 10.27 17.19 21.11 31.01 0.40 0.86 
11/10/17 N-2400 73.95 76.52 5.91 5.97 0.95 0.95 2.20 2.33 10.75 21.47 23.55 40.60 2.62 4.43 
11/10/17 S-1600 82.95 86.55 8.05 8.37 1.45 1.61 3.19 3.18 13.90 16.47 31.81 33.59 0.48 0.58 
11/10/17 S-1800 79.09 80.07 7.42 7.56 1.33 1.36 3.17 3.22 14.65 15.67 34.29 37.74 0.51 0.66 
11/10/17 S-2250 74.86 77.58 7.30 7.50 1.52 1.57 3.60 3.98 10.27 17.17 20.85 35.69 0.32 0.74 
11/10/17 S-2275 71.54 72.45 7.15 7.11 0.72 0.74 2.66 2.70 7.16 9.81 22.21 23.29 0.22 0.22 
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APPENDIX B: SEDIMENT DATA 
Table B.1. Sequential chemical extraction results for Amsden Brook sediment. Sites were sampled twice throughout the study. 
Site 
Sample 
Date 
NH4Cl Extraction 
(mol g-1 dry sediment) 
BD Extraction 
(mol g-1 dry sediment) 
NaOH Extraction 
(mol g-1 dry sediment) 
HCl Extraction 
(mol g-1 dry sediment) 
Al Ca Fe P Al Ca Fe P Al Ca Fe P Al Ca Fe P 
N-2400 5/30/17 0.05 41.52 0.02 0.002 1.08 10.30 48.25 0.39 61.50 1.30 12.49 7.36 57.90 162.4 88.31 2.47 
N-1600 5/30/17 0.28 48.17 0.09 0.025 0.82 10.82 43.80 0.62 51.64 2.38 10.80 8.92 55.67 668.9 96.98 4.02 
S-2250 5/30/17 0.07 34.77 0.03 0.016 0.77 7.38 36.89 0.71 56.65 0.99 8.59 14.83 53.65 112.7 86.51 4.76 
S-1600 5/30/17 0.10 37.31 0.04 0.010 0.50 8.19 35.05 0.41 42.44 1.13 5.70 8.97 54.22 389.4 86.04 4.51 
M-1450 5/30/17 0.03 40.82 0.02 0.009 0.55 7.49 39.38 0.43 40.11 1.01 5.15 8.25 46.52 391.5 84.55 3.89 
M-1200 5/30/17 0.31 44.03 0.10 0.023 0.67 14.51 41.16 0.78 50.67 2.20 12.02 10.54 51.45 280.4 74.52 3.27 
N-2400 8/14/17 0.16 61.55 0.04 0.002 1.17 18.18 72.79 1.27 81.3 1.87 16.49 13.91 74.9 255.7 110.4 2.2 
N-1600 8/14/17 0.04 58.77 0.00 0.032 0.92 17.38 50.62 1.32 43.5 1.82 9.14 9.77 64.8 566.3 102.0 3.3 
S-2250 8/14/17 0.06 58.45 0.01 0.013 0.93 14.16 45.42 1.13 60.1 1.90 9.34 19.29 78.7 154.8 128.1 7.1 
S-1600 8/14/17 0.00 38.16 0.00 0.001 0.46 7.96 32.97 0.61 33.6 0.86 4.91 8.82 66.5 396.3 107.9 5.6 
M-1450 8/14/17 0.02 35.56 0.00 0.001 0.41 8.11 28.57 0.58 28.4 0.83 3.97 7.20 57.2 458.0 90.7 5.6 
M-1200 8/14/17 0.01 49.16 0.00 0.023 0.50 9.54 39.54 0.65 31.2 0.90 4.17 7.63 66.0 661.0 110.4 4.9 
 
Table B.2. Sequential chemical extraction results for experimental sediment. This sediment was collected from the high point of the 
South Branch at Amsden Brook and homogenized for use in laboratory experiments on dynamics of sediment-water P interface. 
Results are averages of three replicated extractions. 
Sample Name 
NH4Cl Extraction 
(mol g-1 dry sediment) 
BD Extraction 
(mol g-1 dry sediment) 
NaOH extraction 
(mol g-1 dry sediment) 
HCl Extraction 
(mol g-1 dry sediment) 
Al Ca Fe P Al Ca Fe P Al Ca Fe P Al Ca Fe P 
Experimental Sed 0.06 51.96 0.013 0.080 0.55 9.88 37.29 1.08 47.11 0.94 6.54 15.23 63.70 96.80 105.2 4.30 
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Table B.3. Amsden Brook sediment percent organic matter and percent carbonate.  
Site Sample Date % OM % Carbonate 
N-2400 5/30/17 3.6 8.0 
N-1600 5/30/17 3.7 10.1 
S-2250 5/30/17 3.3 4.6 
S-1600 5/30/17 2.8 7.0 
M-1450 5/30/17 3.0 13.4 
M-1200 5/30/17 3.8 11.5 
N-2400 8/14/17 6.2 8.8 
N-1600 8/14/17 4.8 11.3 
S-2250 8/14/17 4.6 4.7 
S-1600 8/14/17 3.4 9.1 
M-1450 8/14/17 3.5 9.9 
M-1200 8/14/17 4.0 9.6 
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APPENDIX C: SOILS DATA 
Table C.1. Sequential chemical extraction results for soils. Collected within the Amsden Brook watershed. Sample names are their 
orientation relative to the main stem of Amsden Brook (N=North, S=South), landscape position (FP=Flood Plain, BS=base of forested 
slope, MS=middle of forested slope, CR=conservation reserve, Ag= agricultural field), pit number, and horizon designation.   
Sample Name 
 NH4CL Extraction  
(mg kg-1 soil) 
BD Extraction  
(mg kg-1 soil) 
NaOH extraction  
(mg kg-1 soil) 
HCl Extraction  
(mg kg-1 soil) 
Al Ca Fe P Al Ca Fe P Al Ca Fe P Al Ca Fe P 
S-FP-Pit #1 
HorizonA 2.1 1521 0.44 1.43 11.2 451 603 41.1 1601 58.2 191 445 1242 9223 1365 115.9 
S-FP-Pit #1-
HorizonB 5.1 1589 1.05 1.02 9.0 433 500 24.5 1250 49.0 139 313 1213 14451 1298 134.7 
S-FP-Pit #1-
HorizonBw 4.1 1828 0.71 1.73 17.1 567 812 55.4 2052 75.9 283 533 1374 9056 1405 117.3 
S-FP-Pit #1-
HorizonBC 2.3 2883 0.37 0.05 25.6 931 1134 45.8 3044 186.8 505 670 1745 6179 1402 65.7 
S-FP-Pit #1-
HorizonCd 4.6 2454 0.79 0.16 19.8 771 762 29.5 1481 131.7 252 314 1689 3034 1632 107.0 
S-BS-Pit #1-
HorizonA 44.7 1489 0.77 0.45 91.5 176 1577 16.7 4885 86.4 1170 351 2120 298 1793 8.6 
S-BS-Pit #1-
HorizonBs 34.0 1553 5.44 0.06 100.1 240 1245 6.9 7075 171.0 1556 265 2415 361 1599 7.6 
S-BS-Pit #1-
HorizonBC 16.3 762 0.82 0.05 56.0 93 964 5.0 2616 29.9 425 103 1750 337 1035 26.6 
S-BS-Pit #1-
HorizonC 7.1 1020 1.04 0.04 32.2 118 785 2.3 2050 30.8 362 78 1644 659 1108 140.1 
S-MS-Pit #1-
HorizonA 15.3 2453 0.86 1.81 98.4 464 1252 24.7 2618 106.1 730 290 1996 361 1881 4.5 
S-MS-Pit #1-
HorizonBs 67.2 905 2.53 0.20 79.4 114 1157 7.7 5308 57.2 811 222 2954 305 1582 13.7 
S-MS-Pit #1-
HorizonBw 7.1 913 0.44 0.05 50.3 138 926 5.8 3791 47.5 453 146 2590 559 1310 55.3 
 
52 
 
Table C.1. Continued.  
Sample Name 
 NH4CL Extraction  
(mg kg-1 soil) 
BD Extraction  
(mg kg-1 soil) 
NaOH extraction  
(mg kg-1 soil) 
HCl Extraction  
(mg kg-1 soil) 
Al Ca Fe P Al Ca Fe P Al Ca Fe P Al Ca Fe P 
S-MS-Pit #1-
HorizonC 3.0 1022 0.20 0.04 34.3 196 867 4.2 1450 24.3 247 79 2052 967 1342 150.5 
S-CR-Pit #1-
HorizonA 92.8 567 0.99 3.28 30.8 87 1127 34.5 2611 27.9 479 763 2099 161 2014 66.7 
S-CR-Pit #1-
HorizonB 171.6 219 1.07 0.82 27.1 27 1299 22.2 3099 22.2 468 592 1985 147 1738 28.4 
S-CR-Pit #1-
HorizonC 83.0 94 0.53 0.04 27.2 11 612 4.3 3890 20.8 398 186 1893 184 874 21.2 
N-BS-Pit #1-
HorizonA 5.7 3791 0.83 1.53 30.5 1181 707 20.4 1470 288.0 309 191 2355 1597 1963 30.4 
N-BS-Pit #1-
HorizonBh 4.3 2953 0.54 0.51 29.6 832 786 13.5 1642 149.4 312 169 2427 987 1794 19.0 
N-BS-Pit #1-
HorizonBs 4.1 2094 0.45 0.04 32.1 424 733 6.4 2267 59.1 414 121 2464 492 1415 4.2 
N-BS-Pit #1-
HorizonCd 3.3 2165 0.29 0.05 41.2 521 1240 5.0 2126 64.9 394 142 2458 715 1748 30.9 
N-MS-Pit #1-
HorizonA 132.7 1106 3.57 0.73 100.4 111 1626 22.6 3309 29.8 757 220 2128 149 1491 2.2 
N-MS-Pit #1-
HorizonB1 245.4 560 2.86 0.32 121.5 67 1547 18.9 3639 26.2 916 182 2508 113 1552 1.9 
N-MS-Pit #1-
HorizonB2 130.5 467 4.02 0.11 62.7 73 1005 7.1 4625 33.6 872 161 2810 268 1524 5.5 
N-MS-Pit #1-
HorizonBC 21.0 761 2.03 0.06 47.1 97 1068 5.6 2704 29.2 452 103 2175 398 1327 24.5 
N-MS-Pit #1-
HorizonCd 3.1 1495 0.29 0.06 48.1 286 1055 4.4 2168 35.3 349 66 1993 672 1469 49.0 
N-Ag-Pit #1- 
HorizonAp 1.9 1121 0.08 1.56 18.3 173 1210 69.3 3648 44.7 414 1239 1619 323 1691 64.4 
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Table C.1. Continued.  
Sample Name 
 NH4CL Extraction  
(mg kg-1 soil) 
BD Extraction  
(mg kg-1 soil) 
NaOH extraction  
(mg kg-1 soil) 
HCl Extraction  
(mg kg-1 soil) 
Al Ca Fe P Al Ca Fe P Al Ca Fe P Al Ca Fe P 
N-Ag-Pit #1- 
HorizonA2 1.7 1216 0.12 1.38 21.7 196 1175 60.1 3584 45.1 413 1210 1750 387 1755 88.8 
N-Ag-Pit #1- 
HorizonB/C 13.2 1039 0.73 0.07 72.4 121 1824 13.4 9372 65.4 1188 684 3814 305 2574 75.2 
N-Ag-Pit #2- 
HorizonAp 3.5 1016 0.07 0.93 22.2 135 1272 59.8 4076 44.9 465 1195 1727 415 1781 81.4 
N-Ag-Pit #2- 
HorizonB/C 4.3 1162 0.33 0.05 32.2 176 1357 14.8 6787 46.4 458 627 6110 580 1981 144.3 
N-Ag-Pit #3- 
HorizonAP 4.4 951 0.07 0.06 27.1 117 1383 45.7 4476 41.6 479 963 1837 366 1747 48.8 
N-Ag-Pit #3- 
HorizonB/C 3.9 452 0.04 0.06 49.5 52 1204 9.3 4591 25.7 510 239 1792 173 1322 8.6 
N-Ag-Pit #4- 
HorizonAp 5.2 956 0.11 1.46 20.7 125 1169 66.6 3627 38.5 378 1243 1677 502 1761 65.9 
N-Ag-Pit #4- 
HorizonB 18.7 404 0.53 0.06 55.9 36 1337 18.3 4741 22.1 548 364 1814 164 1523 12.5 
N-Ag-Pit #4- 
HorizonB/C 47.6 307 1.46 0.07 20.5 27 1999 15.2 2865 18.7 261 228 2509 293 2453 29.2 
N-Ag-Pit #4- 
HorizonCd 1.2 1152 0.12 0.07 26.4 159 2232 10.4 2079 21.1 198 105 2689 750 2987 135.5 
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Table C.2. Some characteristics of sampled soils. Sample names are based on the site orientation relative to the main stem of Amsden 
Brook (N=North, S=South), landscape position (FP=Flood Plain, BS=base of forested slope, MS=middle of forested slope, 
CR=conservation reserve, Ag= agricultural field), pit number, and horizon designation. All associated abbreviations are taken from the 
NRCS Field Book for Describing and Sampling Soils. 
Sample Name 
Depth 
(cm) 
Color Texture Structure Roots 
% 
Coarse  
% 
moisture 
% LOI 
Total N 
% 
Total C 
% 
pH 
(H20) 
pH 
(CaCl2) 
S-FP-Pit #1-
HorizonA 
0-14 10YR 3/2 GSIL C MVF 41.2 1.17 3.02 0.11 1.33 6.92 5.60 
S-FP-Pit #1-
HorizonB 
14-34 7.5YR 4/2 - C CF 45.9 1.06 2.20 0.08 1.00 7.28 6.13 
S-FP-Pit #1-
HorizonBw 
34-48 10YR 4/3 SL SAB MM+F 17.2 1.45 3.44 0.12 1.48 6.87 6.17 
S-FP-Pit #1-
HorizonBC 
48-72 2.5Y 4/3 SIL B MM+F 20.4 2.09 6.66 0.23 2.81 6.89 6.37 
S-FP-Pit #1-
HorizonCd 
72+ - - Dense - 76.2 1.62 4.64 0.18 1.89 7.18 6.50 
S-CR-Pit #1-
HorizonA 
0-16 2.5Y 4/4 L FC MF+VF 42.5 1.98 8.64 0.29 3.48 4.61 4.23 
S-CR-Pit #1-
HorizonB 
16-35 2.5Y5/4 LS WP - 35.9 2.04 4.90 0.18 1.78 4.58 4.14 
S-CR-Pit #1-
HorizonC 
35-42 2.5Y5/5 S FP - 38.6 1.55 3.65 0.11 1.09 4.85 4.39 
S-BS-Pit #1-
HorizonA 
2-25 10YR 3/3 L WSAB CM 51.8 3.18 8.91 0.29 3.93 5.05 5.11 
S-BS-Pit #1-
HorizonBs 
25-37 7.5YR 4/4 GL C CF+M 40.7 1.98 8.81 0.20 3.09 5.52 5.15 
S-BS-Pit #1-
HorizonBC 
37-57 2.5Y 4/3 SIL B FC 31.0 1.04 3.26 0.12 0.89 5.43 5.25 
S-BS-Pit #1-
HorizonC 
57+ 2.5Y 4/3 SIL P N 33.7 0.88 2.30 0.11 0.62 5.63 4.76 
S-MS-Pit #1-
HorizonA 
3-19 10YR 3/3 LS C MFM 37.9 3.35 12.95 0.38 5.37 4.91 4.66 
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Table C.2. Continued. 
Sample Name 
Depth 
(cm) 
Color Texture Structure Roots 
% 
coarse 
% 
moisture 
% LOI 
Total N 
% 
Total C 
% 
pH 
(H20) 
pH 
(CaCl2) 
S-MS-Pit #1-
HorizonBs 
19-37 10YR 4/6 GL C MFM 61.7 3.01 8.40 0.19 2.48 5.02 4.60 
S-MS-Pit #1-
HorizonBw 
37-47 2.5Y 5/4 GL C CMF 67.5 2.36 5.04 0.17 1.97 5.51 4.94 
S-MS-Pit #1-
HorizonC 
47+ 2.5Y 4/4 GL FP - 33.8 1.23 2.59 0.11 0.63 5.91 5.11 
N-BS-Pit #1-
HorizonA 
2-12 10YR3/2 SIL WC 
MF+VF
+M+C 
31.6 3.07 13.05 0.45 6.54 5.74 5.66 
N-BS-Pit #1-
HorizonBh 
12-32 10YR 4/3 CL WC CF+M 58.9 2.60 8.05 0.32 3.83 6.19 5.81 
N-BS-Pit #1-
HorizonBs 
32-47 10YR 5/4 CL WP - 53.5 2.11 4.33 0.16 1.44 6.43 5.94 
N-BS-Pit #1-
HorizonCd 
47+ - - - - 24.5 1.25 4.13 0.17 1.27 6.78 6.17 
N-MS-Pit #1-
HorizonA 
4-17 2.5Y4/4 L C 
MF+VF
+M+C 
42.5 1.62 6.59 0.21 2.81 4.61 4.32 
N-MS-Pit #1-
HorizonB1 
17-30 10TR4/6 GL C 
MF+VF
+M+C 
37.6 1.80 5.10 0.15 1.62 4.29 4.15 
N-MS-Pit #1-
HorizonB2 
30-40 2.5Y4/4 GL SAB CMF 72.9 1.74 5.65 0.18 1.93 4.66 4.36 
N-MS-Pit #1-
HorizonBC 
40-53 2.5Y4/3 - - FF 64.2 1.21 3.08 0.15 1.07 5.12 4.81 
N-MS-Pit #1-
HorizonCd 
53+ - - - FF 61.9 0.98 2.68 0.12 0.71 6.25 5.62 
N-Ag-Pit #1-
HorizonAp 
0-23 2.5Y4/4 L SAB CMF 37.5 1.60 3.83 0.15 1.36 5.92 5.66 
N-Ag-Pit #1-
HorizonA2 
23-35 2.5Y4/3 L SAB FF 38.9 1.11 4.17 0.15 1.35 6.00 5.70 
N-Ag-Pit #1-
HorizonB/C 
35-55 2.5Y4/6 - SAB - 59.1 2.38 6.26 0.17 1.93 5.59 5.23 
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Table C.2. Continued. 
Sample Name 
Depth 
(cm) 
Color Texture Structure Roots 
% 
Coarse 
% 
moisture 
% LOI 
Total N 
% 
Total C 
% 
pH 
(H20) 
pH 
(CaCl2) 
N-Ag-Pit #2-
HorizonAp 
0-29 2.5Y4/4 GL SAB - 39.2 1.37 3.95 0.15 1.41 5.38 5.36 
N-Ag-Pit #2-
HorizonB/C 
29-66 2.5Y4/3 - - - 73.0 2.17 5.39 0.17 1.69 5.56 5.50 
N-Ag-Pit #3-
HorizonAP 
0-25 2.5Y4/4 GL SAB - 43.4 1.32 4.04 0.15 1.48 5.60 5.45 
N-Ag-Pit #3-
HorizonB/C 
25-63 2.5Y4/4 - - - 36.0 0.95 2.41 0.09 0.60 5.49 5.26 
N-Ag-Pit #4-
HorizonAp 
0-30 2.5Y4/4 L SAB - 30.2 1.12 3.67 0.14 1.24 5.58 4.63 
N-Ag-Pit #4-
HorizonB 
30-40 2.5Y4/4 SIL SAB - 53.8 0.79 2.21 0.09 0.51 5.06 4.44 
N-Ag-Pit #4-
HorizonB/C 
40-59 2.5Y4/3 SIL - - 56.8 0.66 1.88 0.11 0.42 4.69 4.52 
N-Ag-Pit #4-
HorizonCd 
59+ 2.5Y4/3 SIL - - 66.6 0.40 2.42 0.11 0.49 6.07 5.40 
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Table C.3. Results of the Modified Morgan nutrient extraction on soils. Sampled from the Amsden Brook watershed. Sample names 
are their orientation relative to the main stem of Amsden Brook (N=North, S=South), landscape position (FP=Flood Plain, BS=base of 
forested slope, MS=middle of forested slope, CR=conservation reserve, Ag= agricultural field), pit number, and horizon designation.   
Sample Name 
Ca  
(mg kg-1) 
K  
(mg kg-1) 
Mg  
(mg kg-1) 
P  
(mg kg-1) 
Al  
(mg kg-1) 
Cu  
(mg kg-1) 
Fe  
(mg kg-1) 
Mn  
(mg kg-1) 
Na  
(mg kg-1) 
S  
(mg kg-1) 
Zn  
(mg kg-1) 
S-FP-Pit #1-
HorizonA 
5012 65.31 45.06 15.27 28.13 0.43 9.64 25.41 2.71 2.71 0.28 
S-FP-Pit #1-
HorizonB 
8317 39.50 59.07 8.28 26.68 0.45 27.77 35.39 3.00 2.64 0.15 
S-FP-Pit #1-
HorizonBw 
5351 42.91 54.27 16.68 26.40 0.42 6.47 22.40 3.81 3.69 0.13 
S-FP-Pit #1-
HorizonBC 
3753 48.95 66.66 10.28 22.38 0.43 2.81 10.92 4.90 5.44 0.05 
S-FP-Pit #1-
HorizonCd 
3947 26.50 64.79 5.47 9.52 0.25 2.71 13.58 7.42 6.11 0.72 
S-CR-Pit #1-
HorizonA 
558 145.16 94.02 18.35 213.35 1.47 25.92 26.84 5.36 13.66 2.05 
S-CR-Pit #1-
HorizonB 
199 60.87 24.12 11.95 273.89 2.11 21.58 12.70 5.14 12.72 0.65 
S-CR-Pit #1-
HorizonC 
76 31.03 2.87 3.58 425.62 0.43 5.66 2.06 3.91 7.78 0.13 
S-BS-Pit #1-
HorizonA 
1409 70.89 52.36 4.03 293.56 0.57 39.03 18.67 7.24 9.35 2.28 
S-BS-Pit #1-
HorizonBs 
1467 43.41 38.29 2.63 484.36 0.19 19.54 4.21 9.91 7.40 0.11 
S-BS-Pit #1-
HorizonBC 
758 18.92 25.20 1.26 200.02 0.16 12.18 5.01 5.27 2.72 0.03 
S-BS-Pit #1-
HorizonC 
1058 18.77 28.37 0.38 94.18 0.21 9.20 6.44 5.39 1.90 0.03 
S-MS-Pit #1-
HorizonA 
2404 143.40 122.83 5.56 117.21 0.32 18.27 28.53 7.20 12.17 1.29 
S-MS-Pit #1-
HorizonBs 
849 156.73 48.23 3.79 411.02 0.25 17.24 6.51 8.48 11.80 0.16 
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Table C.3. Continued 
Sample Name 
Ca  
(mg kg-1) 
K  
(mg kg-1) 
Mg  
(mg kg-1) 
P  
(mg kg-1) 
Al  
(mg kg-1) 
Cu  
(mg kg-1) 
Fe  
(mg kg-1) 
Mn  
(mg kg-1) 
Na  
(mg kg-1) 
S  
(mg kg-1) 
Zn  
(mg kg-1) 
S-MS-Pit #1-
HorizonBw 
974 106.05 30.39 2.35 275.26 0.24 6.58 9.06 8.70 7.05 0.07 
S-MS-Pit #1-
HorizonC 
1207 52.33 22.00 0.85 73.85 0.26 6.60 7.93 5.37 3.24 0.06 
N-BS-Pit #1-
HorizonA 
4300 106.47 138.99 4.57 9.73 0.05 1.61 26.61 3.07 9.35 0.67 
N-BS-Pit #1-
HorizonBh 
3317 56.89 76.95 2.67 9.57 0.05 1.29 26.50 4.57 5.96 0.48 
N-BS-Pit #1-
HorizonBs 
2367 43.94 61.01 0.80 20.19 0.05 2.40 28.52 4.28 3.88 0.04 
N-BS-Pit #1-
HorizonCd 
2438 38.07 59.89 0.38 19.31 0.05 4.42 32.62 2.98 3.92 0.02 
N-MS-Pit #1-
HorizonA 
1049 62.19 84.24 4.89 200.76 0.48 41.10 18.43 6.82 11.13 0.65 
N-MS-Pit #1-
HorizonB1 
596 64.90 53.75 6.12 281.13 0.31 43.93 6.77 5.65 14.01 0.27 
N-MS-Pit #1-
HorizonB2 
440 61.04 29.34 4.76 422.53 0.17 22.09 6.73 7.85 17.35 0.13 
N-MS-Pit #1-
HorizonBC 
806 28.22 20.66 2.01 167.51 0.18 11.62 7.34 6.43 6.40 0.18 
N-MS-Pit #1-
HorizonCd 
1795 20.29 17.99 0.38 50.86 0.35 13.98 12.01 4.80 2.84 0.18 
N-Ag-Pit #1-
HorizonAp 
1176 136.15 137.16 22.02 53.76 1.07 2.84 7.31 3.77 5.72 0.39 
N-Ag-Pit #1-
HorizonA2 
1278 115.47 146.71 21.97 61.18 1.10 3.17 5.61 4.83 8.20 0.47 
N-Ag-Pit #1-
HorizonB/C 
1007 52.47 106.83 6.80 541.94 0.77 20.27 1.75 8.94 34.28 0.14 
N-Ag-Pit #2-
HorizonAp 
1008 109.84 122.41 16.62 74.93 1.39 3.57 5.51 5.58 6.50 0.56 
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Table C.3. Continued 
Sample Name 
Ca  
(mg kg-1) 
K  
(mg kg-1) 
Mg  
(mg kg-1) 
P  
(mg kg-1) 
Al  
(mg kg-1) 
Cu  
(mg kg-1) 
Fe  
(mg kg-1) 
Mn  
(mg kg-1) 
Na  
(mg kg-1) 
S  
(mg kg-1) 
Zn  
(mg kg-1) 
N-Ag-Pit #2-
HorizonB/C 
1191 63.71 87.36 6.43 308.06 0.79 7.23 4.79 7.36 20.84 0.35 
N-Ag-Pit #3-
HorizonAP 
970 100.25 126.09 12.74 121.03 1.66 7.25 6.96 3.99 8.33 0.51 
N-Ag-Pit #3-
HorizonB/C 
390 43.47 40.43 1.97 177.73 0.23 6.87 1.22 2.70 5.93 0.05 
N-Ag-Pit #4-
HorizonAp 
983 56.73 105.97 21.38 75.34 1.96 5.14 7.47 4.09 5.28 0.70 
N-Ag-Pit #4-
HorizonB 
447 80.38 65.21 7.94 181.73 0.97 6.97 3.90 4.03 12.00 0.56 
N-Ag-Pit #4-
HorizonB/C 
343 49.22 58.44 2.54 139.48 0.72 9.04 7.79 4.62 40.70 0.65 
N-Ag-Pit #4-
HorizonCd 
1278 44.48 106.63 0.38 44.34 0.57 8.20 8.73 5.16 19.90 0.18 
 
Table C.4. Calculated soil parameters. Parameters are determined from Modified Morgan nutrient extraction results.   
Sample Name 
Ca 
(meq/100g) 
K 
(meq/100g) 
Mg 
(meq/100g) 
Al 
(meq/100g) 
Na 
(meq/100g) 
total 
acidity 
exchange 
Al 
exchange 
acidity 
CEC 
Base 
Saturation 
S-FP-Pit #1-
HorizonA 
25.01 0.17 0.37 0.31 0.01 0.24 0.00 0.24 26.11 98.80 
S-FP-Pit #1-
HorizonB 
41.50 0.10 0.49 0.30 0.01 0.36 0.00 0.36 42.76 99.31 
S-FP-Pit #1-
HorizonBw 
26.70 0.11 0.45 0.29 0.02 0.00 0.00 0.00 27.57 98.94 
S-FP-Pit #1-
HorizonBC 
18.73 0.13 0.55 0.25 0.02 0.00 0.00 0.00 19.67 98.74 
S-FP-Pit #1-
HorizonCd 
19.70 0.07 0.53 0.11 0.03 0.00 0.00 0.00 20.43 99.48 
S-CR-Pit #1-
HorizonA 
2.78 0.37 0.77 2.37 0.02 3.18 1.96 1.22 7.55 68.57 
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Table C.4. Continued  
Sample Name 
Ca 
(meq/100g) 
K 
(meq/100g) 
Mg 
(meq/100g) 
Al 
(meq/100g) 
Na 
(meq/100g) 
total 
acidity 
exchange 
Al 
exchange 
acidity 
CEC 
Base 
Saturation 
S-CR-Pit #1-
HorizonB 
0.99 0.16 0.20 3.05 0.02 3.67 2.57 1.10 5.52 44.79 
S-CR-Pit #1-
HorizonC 
0.38 0.08 0.02 4.73 0.02 2.32 1.71 0.61 5.84 18.98 
S-BS-Pit #1-
HorizonA 
7.03 0.18 0.43 3.26 0.03 1.98 0.99 0.99 11.93 72.64 
S-BS-Pit #1-
HorizonBs 
7.32 0.11 0.31 5.39 0.04 0.73 0.12 0.61 13.79 60.94 
S-BS-Pit #1-
HorizonBC 
3.78 0.05 0.21 2.22 0.02 1.09 0.36 0.73 7.01 68.29 
S-BS-Pit #1-
HorizonC 
5.28 0.05 0.23 1.05 0.02 0.12 0.00 0.12 6.75 84.49 
S-MS-Pit #1-
HorizonA 
12.00 0.37 1.01 1.30 0.03 0.50 0.25 0.25 14.96 91.29 
S-MS-Pit #1-
HorizonBs 
4.24 0.40 0.40 4.57 0.04 2.23 1.61 0.62 10.26 55.45 
S-MS-Pit #1-
HorizonBw 
4.86 0.27 0.25 3.06 0.04 0.49 0.12 0.37 8.85 65.42 
S-MS-Pit #1-
HorizonC 
6.02 0.13 0.18 0.82 0.02 0.00 0.00 0.00 7.18 88.57 
N-BS-Pit #1-
HorizonA 
21.46 0.27 1.14 0.11 0.01 0.00 0.00 0.00 22.99 99.53 
N-BS-Pit #1-
HorizonBh 
16.55 0.15 0.63 0.11 0.02 0.25 0.00 0.25 17.70 99.40 
N-BS-Pit #1-
HorizonBs 
11.81 0.11 0.50 0.22 0.02 0.00 0.00 0.00 12.67 98.23 
N-BS-Pit #1-
HorizonCd 
12.16 0.10 0.49 0.21 0.01 0.12 0.00 0.12 13.10 98.36 
N-MS-Pit #1-
HorizonA 
5.23 0.16 0.69 2.23 0.03 2.93 2.19 0.73 9.08 75.41 
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Table C.4. Continued 
Sample Name 
Ca 
(meq/100g) 
K 
(meq/100g) 
Mg 
(meq/100g) 
Al 
(meq/100g) 
Na 
(meq/100g) 
total 
acidity 
exchange 
Al 
exchange 
acidity 
CEC 
Base 
Saturation 
N-MS-Pit #1-
HorizonB1 
2.97 0.17 0.44 3.13 0.02 4.52 3.54 0.98 7.71 59.46 
N-MS-Pit #1-
HorizonB2 
2.19 0.16 0.24 4.70 0.03 2.93 2.32 0.61 7.93 40.79 
N-MS-Pit #1-
HorizonBC 
4.02 0.07 0.17 1.86 0.03 0.73 0.49 0.24 6.40 70.88 
N-MS-Pit #1-
HorizonCd 
8.96 0.05 0.15 0.57 0.02 0.00 0.00 0.00 9.75 94.20 
N-Ag-Pit #1-
HorizonAp 
5.87 0.35 1.13 0.60 0.02 0.12 0.00 0.12 8.08 92.60 
N-Ag-Pit #1-
HorizonA2 
6.38 0.30 1.21 0.68 0.02 0.12 0.00 0.12 8.70 92.18 
N-Ag-Pit #1-
HorizonB/C 
5.02 0.13 0.88 6.03 0.04 0.49 0.37 0.12 12.22 50.71 
N-Ag-Pit #2-
HorizonAp 
5.03 0.28 1.01 0.83 0.02 0.12 0.12 0.00 7.18 88.39 
N-Ag-Pit #2-
HorizonB/C 
5.94 0.16 0.72 3.43 0.03 0.25 0.25 0.00 10.28 66.68 
N-Ag-Pit #3-
HorizonAP 
4.84 0.26 1.04 1.35 0.02 0.24 0.12 0.12 7.62 82.34 
N-Ag-Pit #3-
HorizonB/C 
1.95 0.11 0.33 1.98 0.01 0.48 0.36 0.12 4.50 56.08 
N-Ag-Pit #4-
HorizonAp 
4.91 0.15 0.87 0.84 0.02 0.24 0.12 0.12 6.90 87.86 
N-Ag-Pit #4-
HorizonB 
2.23 0.21 0.54 2.02 0.02 1.09 0.85 0.24 5.25 61.55 
N-Ag-Pit #4-
HorizonB/C 
1.71 0.13 0.48 1.55 0.02 1.69 1.33 0.36 4.25 63.51 
N-Ag-Pit #4-
HorizonCd 
6.38 0.11 0.88 0.49 0.02 0.00 0.00 0.00 7.88 93.75 
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Figure C.1. Soil depth profiles of the P species and total P extracted via sequential extractions. (NH4Cl, BD, NaOH, HCl, Total) for 
each landscape position (agricultural, conservation reserve, forested slopes, flood plain). Depth profiles were created by grouping all 
samples into three groups, based on their main soil horizon designation (A,B,C).  
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Figure C.2. Relative abundance of P species extracted via sequential extractions for each landscape position. (Ag-agricultural, CR-
conservation reserve, Slope-forested slopes, FP-flood plain). All samples were organized into three groups, based on their main soil 
horizon designation (A,B,C).   
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Figure C.3. Linear models fit with each sequential and Modified Morgan extractant for P, Ca, Al and Fe. Regressions were used to 
determine correlations (R2) between the concentrations of various extracted species via sequential extractions (NH4Cl, BD, NaOH, 
HCl, Total) and the concentrations determined using the Modified Morgan nutrient extraction on soil samples. Correlation values are 
likely be related to the chemical nature of the extractants used and the relative solublitleis of target species. For example, Fe has poor 
correlation between the Modified Morgan extraction and each of the sequential extractions due to the varying solubility of Fe with pH 
and reudcing conditions when comparing individual extracts.  
R² = 0.3435
R² = 0.1479
R² = 0.4174
R² = 0.0007
R² = 0.0435
0
10
20
30
40
50
0 500 1000 1500 2000 2500 3000 3500
Fe
R² = 0.9882
R² = 0.9446R² = 0.671
R² = 0.6444 R² = 0.9815
0
1000
2000
3000
4000
5000
0 1000 2000 3000 4000 5000 6000 7000 8000
Ca
R² = 0.1936
R² = 0.2657 R² = 0.6133
R² = 0.1589
R² = 0.5734
0
100
200
300
400
500
600
700
0 2000 4000 6000 8000 10000 12000 14000
Al
Sequential Extractions (mg kg-soil-1) 
M
o
d
if
ie
d
 M
o
rg
a
n
 E
x
tr
a
ct
io
n
s 
(m
g
 k
g
-s
o
il
 -
1
) 
R² = 0.4751
R² = 0.8857
R² = 0.8978
R² = 0.0244
R² = 0.8766
0
5
10
15
20
25
0 200 400 600 800 1000 1200 1400 1600
P
NH4Cl
BD
NaOH
HCl
Total
65 
 
APPENDIX D: COMPARISONS BETWEEN SOILS AND SEDIMENT 
Figure D.1. Box plots showing P species extracted via sequential extractions for each landscape position. (Ag-agricultural, CR-
conservation reserve, Slope-forested slopes, FP-flood plain, Sed-stream sediment).   
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Figure D.2. Characteristic chemical ratios in soils with depth. The average ratio in stream sediment(vertical arrows) are shown for 
comparison. All samples were organized by landscape position (Ag, Slope, CR, FP) and divided into three groups based on their main 
soil horizon designation (A,B,C).  
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APPENDIX E: SEQUENTIAL CHEMICAL EXTRACTION RESULTS OF SEDIMENT WITH  
DIFFERENT STORAGE CONDITIONS  
 
Table E.1. Sequential chemical extraction results with varying storage conditions and times. Extractions were conducted on a bulk 
sediment sample that had individual subsets placed in various storage conditions on the date of sampling. These results show that the 
storage of stream sediment from Amsden Brook in the freezer at various duration had little impact ( < 15%) on extraction results. 
  
Time From  
Sampling 
Storage 
Type 
 NH4CL Extraction  
(mol/g dry sediment) 
BD Extraction  
(mol/g dry sediment) 
NaOH extraction  
(mol/g dry sediment) 
HCl Extraction  
(mol/g dry sediment) 
3 Days Refrigerated 0.04 55.27 0.02 0.03 0.97 12.58 51.81 0.71 58.29 2.52 14.44 12.09 58.18 342.64 91.21 4.15 
1 Month Frozen 0.07 43.98 0.03 0.02 0.69 13.41 41.46 0.68 50.11 1.96 10.86 10.88 56.93 319.74 90.91 3.93 
11 Months Frozen  0.04 59.79 0.01 < 0.81 12.76 51.21 0.89 46.93 1.30 8.32 11.41 75.98 367.70 134.76 5.06 
14 Months  Frozen < 46.77 < 0.02 0.90 12.28 44.07 0.59 48.47 1.66 10.82 10.28 53.13 254.11 80.77 3.53 
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